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Supervisor:  Mikhail A. Belkin 
 
Wavelength-tunable optical response from solid-state optoelectronic devices is a 
desired feature for a variety of applications such as spectroscopy, laser emission tuning, 
and telecommunications. Nonlinear optical response, on the other hand, has an important 
role in modern photonic functionalities, including efficient frequency conversions, all-
optical signal processing, and ultrafast switching. This study presents the development of 
optical devices with wavelength tunable or nonlinear optical functionality based on 
plasmonic effects. 
For the first part of this study, widely wavelength tunable optical bandpass filters 
based on the unique properties of long-range surface plasmon polaritons (LR SPP) are 
presented. Planar metal stripe waveguides surrounded by two different cladding layers 
that have dissimilar refractive index dispersions were used to develop a wide wavelength 
tuning. The concept was demonstrated using a set of index-matching fluids and over 
200nm of wavelength tuning was achieved with only 0.004 of index variation. For 
practical application of the proposed concept, a thermo-optic polymer was used to 
develop a widely tunable thermo-optic bandpass filter and over 220 nm of wavelength 
tuning was achieved with only 8 ºC of temperature variation. 
 vii 
Another novel approach to produce a widely wavelength tunable optical response 
for free-space optical applications involves integrating plasmonic metasurfaces with 
quantum-electronic engineered semiconductor layers for giant electro-optic effect, which 
is proposed and experimentally demonstrated in the second part of this study. Coupling of 
surface plasmon modes formed by plasmonic nanoresonators with Stark tunable 
intersubband transitions in multi-quantum well structures induced by applying bias 
voltages through the semiconductor layer was used to develop tunable spectral responses 
in the mid-infrared range. Experimentally, over 310 nm of spectral peak tuning around 7 
μm of wavelength with 10 ns response time was achieved.   
As the final part of this study, highly nonlinear metasurfaces based on coupling of 
electromagnetically engineered plasmonic nanoresonators with quantum-engineered 
intersubband nonlinearities are proposed and experimentally demonstrated. In the proof-
of-concept demonstration, an effective nonlinear susceptibility over 50 nm/V was 
measured and, after further optimization, over 480 nm/V was measured for second 
harmonic generation under normal incidence. The proposed concept shows that it is 
possible to engineer virtually any element of the nonlinear susceptibility tensor of the 
nonlinear metasurface. 
 viii 
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 1 
Chapter 1 
Introduction 
 
1.1OVERVIEW 
In recent years, we have seen a widespread interest in the fundamental research 
and development of surface-plasmon-based structures and devices. Surface plasmon 
polaritons (SPPs) are coherent electron oscillations that are evanescently confined at the 
interface between metal and dielectric. These electromagnetic surface waves are excited 
via the coupling of incident electromagnetic fields that induce oscillations of the electron 
plasma of the metal. They can take various forms, ranging from freely propagating 
electron density waves along metal surfaces to localized electron oscillations on metal 
nanoparticles. Their unique properties enable a wide range of practical applications, 
including light guiding and manipulation at the nanoscale, biodetection at the single 
molecule level, enhanced optical transmission through subwavelength apertures, and high 
resolution optical imaging below the diffraction limit [1-5]. 
Plasmonic metamaterials are metamaterials that exploit surface plasmons. They 
are tailor made composites – combinations of metallic and dielectric materials designed 
to achieve optical properties not seen in nature. The properties originate from the unique 
structure of the composites, with features smaller than the wavelength of light separated 
by subwavelength distances.  In recent years, research in plasmonic metamaterials has 
yielded unusual electromagnetic properties such as artificial magnetism at optical 
frequencies, negative index of refraction, and optical cloaking [6-11].  
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1.2OUTLINE 
This dissertation describes experimental explorations to develop novel optical 
devices based on unique properties of SPPs and metamaterials. Theoretical background 
and physical expressions used for developments are discussed in Chapter 2. An initial 
work on developing widely-wavelength tunable optical bandpass filters is presented in 
Chapter 3. In this work, unusual properties of planar plasmonic waveguide surrounded by 
two different cladding layers that have different refractive index dispersions were used to 
develop devices with a wide wavelength tuning range. The tuning mechanism has been 
demonstrated by using index matching fluids and thermally tunable devices have been 
demonstrated by using a thermo-optic polymer. Another novel approach to produce wide 
wavelength tuning by introducing plasmonic metamaterials integrated with quantum-
electronic engineered semiconductor layers is presented in Chapter 4. The coupling of 
electromagnetic modes in plasmonic nanoresonators and voltage-tunable intersubband 
transitions in semiconductor heterostructures was used to develop metasurfaces with 
voltage-tunable spectral responses. This coupling concept can further be applied to 
generate nonlinear response from metamaterials. A first step to build nonlinear 
metamaterials based on the combination of electromagnetic engineering of a 
metamaterial and quantum-electronic engineering of a nonlinear medium is described in 
Chapter 5. In this work, the metamaterial and the nonlinear medium were designed to 
generate a second harmonic signal. Finally, a summary is given and several future plans 
are suggested in Chapter 6.  
 3 
Chapter 2 
Theoretical Background 
 
2.1LONG-RANGE SURFACE PLASMON POLARITONS 
Surface plasmon polariton (SPP) is an electromagnetic surface wave that is 
guided along the metal-dielectric interface as shown in Fig. 2.1 (a). SPPs are 
evanescently confined in the metal/dielectric interface and only exist for Transverse 
Magnetic (TM) polarization. SPP waves can be excited via the coupling of the incident 
electromagnetic fields to induce oscillations of the electron plasma of the metal. The 
surface excitations are determined in terms of the SPP dispersion relation given by [12]; 
                          .                     (2.1) 
where,  and  are dielectric constant of dielectric and metal, c is the speed of light, 
 is angular frequency. The necessary condition for an SPP to exist can be obtained 
from Eq. (2.1) to have a positive real part, leading to . For most metals 
and dielectrics, this condition is satisfied in the long-wavelength part of the visible and in 
the infrared. Figure 2.1 (b) shows plots for light and SPP dispersion for an air ( ) 
anda fused silica ( ) interface on a metal using the loss-less Drude model 
( ). One can see that the SPP wavelength approaches zero at the high-
frequency limit of the SPP dispersion when . The corresponding 
limiting frequency of SPPs is the frequency of electrostatic surface waves, called surface 
plasmons (SPs).  
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Figure 2.1: (a) Schematic representation of an intensity distribution of the magnetic 
field (Hy) and electric field (Ez) components of a SPP supported by a metal-
dielectric interface. (b) Dispersion relation of SPP at the interface between 
metal-air and metal-fused silica. 
The long-range surface plasmon-polaritons (LR SPP) is a symmetric TM-
polarized optical mode that exists in thin metal films embedded in dielectrics with similar 
refractive indices above and below the metal [13-15]. Physically, LR SPP originates from 
coupling of the two SPP waves at the metal/top dielectric and metal/bottom dielectric 
interfaces to form a low-loss symmetric mode [13-15]. The dispersion relation of the 
coupled SPP waves can be derived by considering a insulator/metal/insulator (IMI) 
system in which a thin metal layer (I) is sandwiched between two thick dielectric 
claddings (II, III), (see Fig.2.2). A general description of TM modes that are non-
oscillatory in the z-direction normal to interfaces for z > a can be expressed in these 
forms [12]      
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3( )
k zi x
yH z Ae e
 
3
3
0 3
1
( )
k zi x
xE z iA k e e

 

3
0 3
( )
k zi x
zE z A e e

 
 
 5 
 
Figure 2.2: Schematic cross section of an insulator/metal/insulator (IMI) structure [12]. 
 
while for z < -a we get 
                                            (2.5) 
                                      (2.6) 
                                        (2.7) 
and for –a < z < a 
           
                          (2.8) 
                       (2.9) 
                          (2.10) 
We can get an expression for the dispersion relation linking  and  by applying 
continuity boundary conditions ( ) at  and solving this system of 
linear equations [12].  
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In the case when  and thus , the dispersion relation (2.11) can be split into 
a pair of equations, namely 
                           
              (2.12) 
                           
              (2.13) 
It can be shown that equation (2.12) describes symmetric bound modes for   
( is odd,  and  is even functions), while (2.13) describes asymmetric 
bound modes for ( is even,  and  is odd functions). 
Symmetric bound modes ( ) have the interesting property that upon decreasing metal 
film thickness, the confinement of the coupled SPP to the metal film decreases as the 
mode evolves into a plane wave supported by the homogeneous dielectric environment. 
For real, absorptive metals described via a complex , this implies a drastically 
increased SPP propagation length [13,14]. This mode is called long-range surface 
plasmon polaritons (LR SPP). Asymmetric bound modes ( ) exhibit the opposite 
behavior their confinement to the metal increases with decreasing metal film thickness, 
resulting in a reduction in propagation length.  
In a symmetric structure with lossless dielectrics, the attenuation and effective 
index of the  mode decrease smoothly as metal thickness is reduced, with its mode 
fields increasingly expelled from the metal film and penetrating more deeply into the 
dielectrics. The  mode exhibits increasing confinement and penetration into the metal 
with decreasing metal thickness and, consequently, increasing attenuation. For large 
metal thickness, the  and  modes are degenerate with the single-interface SPPs 
supported by the uncoupled top and bottom metal-dielectric interfaces. The trends are 
similar in an asymmetric slab except that the  mode cuts off below a certain thickness 
that depends on the permittivities and operating wavelength, and with increasing metal  
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Figure 2.3: Normalized phase and attenuation constant of the odd (anti-symmetric, 
bound mode, ), even (symmetric, bound mode, ) modes supported by an 
asymmetric metal slab at , assuming Ag for the metal with 
and [16].  
 
thickness, the  mode evolves into the SPP supported by the metal interface with the 
high-index cladding, while the  mode evolves into the SPP at the interface with the 
low-index dielectric.  
As an example, Fig. 2.3 shows the effective index ( ) and normalized 
attenuation ( ) of the and  modes in an asymmetric slab at 
 
assuming Ag for the metal and claddings of relative permittivity and
[16]. In this figure,  and  are the attenuation and phase constant, respectively. The 
normalized propagation constant is , where 
is the phase constant of plane waves in free space,  the 
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wavelength in free space, and  the speed of light in free space. The complex effective 
index of a mode is then given by , where is the 
effective index and  the normalized attenuation. The mode power attenuation (MPA) 
in decibels per meter is given by . The propagation length  is the 
distance from the launch point where the mode power decays by a factor of 1/e and is 
given by . 
 
2.2INTERSUBBAND TRANSITIONS IN N-DOPED SEMICONDUCTOR HETEROSTRUCTURE OF 
III-V MATERIAL SYSTEMS 
Intersubband transitions (IST) in n-doped multi-quantum-well semiconductor 
heterostructures are transitions that occur between electron conduction band states 
(electron subbands) created by quantum confinement in ultra-thin layers of 
semiconductor [17,18]. Depending on the relative band offsets of the two semiconductor 
materials, electrons can be confined in one-direction in the conduction band (for p-doped 
case, holes are confined in the valence band) and the allowed energy levels are quantized 
along the growth direction. The energy levels can be tuned by changing the depth and 
width of the quantum well. In this configuration, optical transitions can take place 
between electron conduction band states (electron subbands) and the transitions between 
quantized levels within the conduction band (or valence band) are called ‘intersubband 
transitions'. Intersubband transitions have unique physical properties, such as quantum-
engineered absorption (or emission) wavelengths, atomic-like density of states (i.e. sharp 
absorption or emission linewidth), and ultrafast carrier dynamics. Owing to well-
established III-V semiconductor technology, engineering intersubband transitions has 
been an  
0c
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Figure 2.4: Mechanism and properties of intersubband transitions.  
 
attractive building block for mid-infrared and terahertz optoelectronics. So far, 
modulators, detectors, and lasers have all been demonstrated using technology based on 
quantum-engineered intersubband transitions, and such devices are becoming mainstream 
for sensing and telecommunication applications [17,18]. 
  
2.2.1 Dielectric Function from Intersubband Transitions 
Figure 2.4 shows mechanism and properties of intersubband transitions. In one-
dimensional quantum wells composed of a multi-layered semiconductor heterostructure 
with different band offset, electrons are bound and have quantized energy levels. From 
the 1D-Schrödinger equation following effective-mass theory, the total energy eigenvalue 
of the bound electron in quantum well is given as [18] 
                      (2.14) 
where  is the in-plane wavevector and  is taken to be the effective electron mass 
in the well material and the electron subband energies  depend on the shape of 
. Since the initial and final state have the same in-plane energy dispersion (if one 
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neglects the nonparabolicity, see middle of Fig. 2.4), the joint density of states for the 
intersubband transition is very sharp and the bound electrons give rise to an atomic-like 
strong absorption line. This sharp absorption allows for a large change in permittivity in 
the growth direction, through the Kramers-Kronig relation, for transverse magnetic (TM) 
polarization, and is given as [18] 
                      (2.15) 
where  is the HWHM of the intersubband absorption,  is a in-plane scattering time, 
and  is the two-dimensional effective plasma frequency, given by 
. Here  is the dimensionless oscillator strength between state 
1 and 2, given by [18] 
                 (2.16) 
where  is effective mass and  is transition dipole moment. The permittivity of 
the in-plane component is given as [18] 
.                       (2.17) 
For the case when the frequency of the incident beam ( ) is close to the intersubband 
transition frequency ( ), an approximation of the denominator of Eq. (2.15) 
 
can be applied, from which we obtain 
 .                  (2.18) 
 
2.2.2 Nonlinear Susceptibility from Intersubband Transitions 
In the case of conventional linear optics, the induced polarization depends on the 
strength of E-field given as 
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 .                       (2.19) 
where the constant of proportionality  is known as the linear susceptibility and  
is the permittivity of free space. In reality, , of course, does not need to be linearly 
proportional to the external E-field, and the induced polarization can be described by 
generalizing Eq. (2.19) by expressing the polarization as a power series in the field 
strength  as [19] 
               (2.20) 
where  and are known as the second- and third-order nonlinear optical 
susceptibilities, respectively. The linear susceptibility is a second-rank tensor (a 3×3 
matrix) and each element of the linear polarization is given as . Similarly, 
the second-order nonlinear susceptibility is a third-rank tensor (a 3×3×3 matrix) and 
each element of the linear polarization is given as , etc.  
 It is known since the late 1980s that n-doped coupled MQWs may be designed to 
have second-order nonlinear susceptibilities up to 4-5 orders of magnitude larger and 
third-order nonlinear susceptibilities up to 6-7 orders of magnitude larger than in 
traditional bulk nonlinear materials [20]. These properties were demonstrated for a 
variety of nonlinear optical processes, including second harmonic generation (SHG) [21-
24], optical rectification [25], sum-[26] and difference-frequency generation (SFG and 
DFG) [27], Raman amplification [28,29], optical phase conjugation [30], two-photon 
absorption [31], and other four-wave mixing process [32-34]. The basic design approach 
is based on tailoring the composition and widths of wells and barriers in MQW structures 
to engineer electron subbands so as to maximize the quantum mechanical expressions for 
or for a particular nonlinear process by tailoring transition dipole moments and 
energy level positions. Optical transitions between electron subbands in MQWs are 
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intrinsically polarized along the surface normal to the MQW layers (z-axis). As a result, 
giant nonlinear response only exists for input E-fields polarized normal to MQW layers 
in which the  and  terms are giant. 
 In a resonant three-level system, the full quantum mechanical expressions for the 
second and third order nonlinear susceptibility terms are simplified when the pump 
frequencies are close to intersubband resonances and the resonant term is dominant. For 
SHG, we obtain [18] 
 
          (2.21) 
where  is the pump frequency, e is the electron charge, Ne is the average bulk doping 
density, , , and ezij are the energy, linewidth, and dipole moment, respectively, 
for a transition between states i and j. For DFG case, we obtain [18,27] 
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For phase conjugation using resonant two-level system, we obtain [17,32] 
             
.  (2.23) 
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Chapter 3 
Widely Tunable Optical Bandpass Filters Based on Long-Range Surface 
Plasmon Polaritons1,2 
 
3.1 INTRODUCTION 
Wavelength-tunable filters are important components of many photonic devices 
such as tunable semiconductor laser systems, multi-spectral imagers, and other plasmonic 
components with tunable optical response. The operating principle of compact monolithic 
photonic filters, such as Mach-Zehnder interferometers, Bragg reflectors, microresonator 
filters, and distributed feedback lasers, relies on light reflection and interference 
phenomena [35,36]. The tuning range () of compact monolithic filters depends on a 
change in the dielectric constant of the filters medium, and as a result, the tuning range is 
severely limited by the value of possible variation of the refractive index of filter medium 
according to the equation 
/=n/n                           (3.1) 
where  is the filter operation wavelength, n is the refractive index of the filter medium, 
and n is its possible variation. Since the relative refractive index variation in transparent 
dielectrics is limited to ≤1% for thermo-optic and electro-optic materials and ≤15% for 
liquid crystals, the tuning range of these devices is limited. Optical systems with broader 
tuning ranges are required for many applications, in particular for various spectroscopic 
and imaging systems. As a result, a number of approaches to produce optical elements 
with widely tunable response have been developed using mechanical and 
                                                 
1  J. Lee et al., Broadly wavelength tunable bandpass filters based on long-range surface plasmon 
polaritons. Opt. Lett., 36, 3744-3746, (2011). 
2 J. Lee et al., Widely tunable thermo-optic plasmonic bandpass filters. Appl. Phys. Lett., 103, 181115, 
(2013). 
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micromechanical elements [36,37], acousto-optic modulation [38], and employing 
coupled cavities or multisection filters [39-41]. However, these devices are complex and 
are difficult to miniaturize. In this work, we propose and experimentally demonstrate a 
new kind of broadly-tunable optical filters based on unique properties of long-range 
surface plasmon-polaritons (LR SPP). This filter may be used to produce simple 
monolithic optical components in which a given variation of the refractive index of the 
dielectric filter medium may be translated into any desired filter tuning range. The filters 
are extremely simple in fabrication and have no moving parts. The tuning mechanism 
reported in this work may be used to create monolithic bandpass filters with tuning 
ranges spanning over more than an optical octave, compact and widely tunable diode and 
quantum cascade laser systems, multi-spectral imagers, and other plasmonic components 
with broadly tunable optical response.  
The LR SPP is a special kind of TM-polarized plasmon modes that can exist in 
thin metal films (10-30nm) embedded in dielectrics with similar refractive indices above 
and below the metal film [13,14,41,42]. Physically, LR SPPs are associated with 
coupling of two surface plasmon polaritons (SPP) at the upper and lower interfaces 
between metal and dielectric. LR SPP waveguides may have optical losses of only a few 
dB/cm at λ=1.55µm [43] and even lower at longer wavelength due to improved optical 
properties of metals. We note that a LR SPP mode is the only mode supported by this 
waveguide structure. LR SPP modes are well-confined and well-matched with optical 
modes in fibers, leading to very low insertion loss of LR SPP waveguides in fiber-optic 
systems [13,14,43-48]. The optical losses in LR SPP waveguides will increase 
dramatically, however, if the refractive indices of the materials above and below the 
metal film are even slightly mismatched [44,46-49].  
 15 
Our filter is based on integration of a thin metal film between two dielectrics with 
dissimilar refractive index dispersion. In this configuration, the LR SPP waveguide only 
have low insertion loss at a wavelength for which the refractive indices of the top (nt) and 
bottom (nb) dielectrics are the same, leading to a bandpass filter.  
3.2 SIMULATIONS AND CALCULATIONS OF LR SPP MODE 
Mode profile of LR SPP is very sensitive to the indices of the surrounding 
dielectric layers. Figure 3.1 shows LR SPP waveguide cross-sectional structure used for 
device simulations. The waveguide structure consists of a thin metal stripe and top and 
bottom dielectric layers with refractive indices nt and nb, respectively. In order to 
simulate the mode profiles of LR SPP excited in the thin metal stripe, a commercial 
finite-element package (COMSOL 3.5a and 4.3) was used. In the COMSOL program, the 
structure was modeled using 2-dimensional RF module with Hybrid-Mode Waves 
calculator and PEC and PMC boundary conditions were properly defined for TM-
polarized field excitation. In this simulation, 4μm-wide and 20nm-thick gold stripe and 
nb=1.5 and nt=1.5+δn at λ=1.55μm wavelength were used. 20μm-thick top and bottom 
dielectric layers (total 40μm-thick) were defined. Proper refractive index data of gold at 
λ=1.55μm ( ) was obtained from Ref. [50]. 
 
 
Figure 3.1: Cross-sectional view of LR SPP waveguide structure. The metal stripe is 
positioned between top and bottom dielectric layers with refractive indices 
nt and nb, respectively. 
0.55 11.5n i 
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Figure 3.2 shows the calculated intensity profile of a LR SPP mode at λ=1.55μm 
supported by a 20nm-thick and 4μm-wide gold stripe embedded between loss-less 
dielectrics with identical refractive indices and with slightly mismatched refractive 
indices. For the case when the two indices of dielectric layers are matched, the LR SPP 
mode is well-confined and well-matched to modes in optical fibers and ridge waveguides. 
However, as soon as the refractive indices of the dielectric layers are even slightly 
mismatched (here ), the LR SPP mode becomes severely distorted spreading 
out to the side of dielectric with higher refractive index (see Fig. 3.2 (c) and (d)). And 
when the refractive indices are mismatched further, then the LR SPP mode bounded to 
the gold stripe ceases to exist and the LR SPP mode becomes leaky, i.e. radiation mode 
[13,44,46-49,51]. In this case, the LR SPP mode is not well matched to optical fiber and 
ridge waveguide mode and as a result, the coupling loss to an optical fiber mode becomes 
high. 
Beyond the cutoff, the LR SPP mode is no longer purely bound but becomes 
leaky, radiating into the higher-index dielectric as it propagates. It is therefore important 
to know where the cutoff and the onset of leaky mode occur if index asymmetry is 
expected. Finding the cutoff points involves varying the index of one of the dielectrics 
until the effective index becomes approximately equal to the larger of the indices of the 
dielectrics. It is particularly important for the structure to be modeled as open since the 
mode expands as it tends towards the cutoff, eventually infinitely extending into one of 
the dielectrics at the cutoff. 
 
0.0014n 
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Figure 3.2: (a, b) Simulated intensity profile of a LR SPP mode at λ=1.55μm supported 
by a 20nm-thick and 4μm-wide gold stripe embedded between loss-less 
dielectrics with identical refractive indices. (c, d) Calculated LR SPP mode 
profile of the same structure with slightly mismatched nt and nb.  
The top panel of Fig. 3.3 shows the mode power attenuation (MPA) and cutoff 
curves of the LR SPP mode at  for straight waveguides having various Au 
stripes. The curves were computed as a function of refractive index mismatch ( ). In 
this calculation, three different dimensions of Au stripes were used: 4μm-wide and 20nm-
thick, 3μm-wide and 20nm-thick, and 3μm-wide and 18nm-thick. The bottom panel of 
Fig. 3.3 shows effective index ( ) of LR SPP mode as a function of  for LR SPP 
waveguides with different values of width (W) and thickness (t) of the metal stripe. 
Dashed lines in the figure show the value of the largest of the two cladding indices, nt or 
1.55 m 
n
effn n
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nb. The LR SPP mode becomes leaky when neff is smaller than the largest of nt or nb. We 
assumed λ=1.55μm, nb=1.5, and nt=1.5+n for the calculations. It is of note that the 
cutoff occurs for an effective index that is slightly smaller than the larger of the cladding 
indices rather than for values that are exactly equal. This is due to the small attenuation 
constant of the mode engendered by the loss in the metal. 
 
 
Figure 3.3: Top panel: calculation of the mode power attenuation (MPA, solid line) as a 
function of n=nt-nb for a LR SPP waveguides with different width (W) and 
thickness (t) of the gold stripe. Bottom panel: effective refractive index (neff) 
of LR SPP mode for as a function n for LR SPP waveguides with different 
values of W and t (green, blue, and red solid lines). Dashed lines in the 
figure show the value of the largest of the two cladding indices, nt or nb. LR 
SPP mode becomes leaky when neff is smaller than the largest of nt or nb. We 
assumed λ=1.55μm, nb=1.5, and nt=1.5+n for the calculations [49].  
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On the other hand, LR SPP mode coupling to an input fiber mode or to an output 
fiber mode is another critical factor to a total insertion loss (overall loss from input source 
to output detector) calculation. In the calculation of the coupling loss, an overlap factor C 
for two modes of different shape and size butt-coupled to each other is given by [16] 
 
               .
              (3.2) 
 
The integral above is taken over the entire computational domain  at the transverse 
plane where the modes meet and are evaluated numerically. The  field component of 
the respective modes is used since it dominates in the LR SPP mode for the waveguide 
geometries considered herein ( ). 
 The coupling efficiency is given by in the case where there is no material 
discontinuity and is usually expressed as a percentage. The coupling loss expressed in 
decibels is then given by [16] 
 
                           .                 (3.3) 
 
 Figure 3.4 shows calculated coupling loss between the LR SPP mode of Au stripe 
with single-mode optical fibers (SMF-28) at λ=1.55μm. In this calculation, three different 
geometries of Au stripes, which are the same as in the previous section, were used. As 
indicated in Fig. 3.4, the coupling loss between the single-mode fiber and LR SPP mode 
increases sharply as the refractive index mismatch increases. Further, metal stripes with 
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smaller dimensions become more sensitive to the surrounding dielectrics’ refractive index 
mismatch.  
 Total insertion loss can be calculated by including a propagation loss (MPA times 
length of the device) and coupling loss at the input and output facets. Figure 3.5 shows 
the total insertion loss from input fiber to output fiber, which includes the propagation 
loss for 5mm long device and the input and output facet mode coupling losses. We note 
from this figure that the total insertion loss also increases sharply as the refractive index 
mismatch increases, and that coupling loss dominates the total insertion loss from the 
input fiber to output fiber. Thus, this characteristic of LR SPP mode that is extremely 
sensitive to refractive index mismatch may be used to build a widely tunable bandpass 
filter when integrated with dielectrics with dissimilar refractive index wavelength 
dispersion as the top and bottom cladding.   
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Figure 3.4: Calculation of the coupling loss (per facet) as a function of n=nt-nb for a 
LR SPP waveguides with different width (W) and thickness (t) of the gold 
stripe [49].  
 
 
Figure 3.5: Calculation of the insertion loss including a propagation loss (MPA times 
length of the Au stripe) and coupling loss for the input and output facet as a 
function of n=nt-nb for a LR SPP waveguides with different width (W) and 
thickness (t) of the gold stripe [49].  
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3.3 OPERATION PRINCIPLE OF BANDPASS FILTERS BASED ON LR SPP 
As shown in Fig. 3.5, the insertion loss is extremely sensitive to δn. To build a 
widely wavelength-tunable bandpass filter out of a LR SPP waveguide, we propose to use 
dielectrics with dissimilar refractive index wavelength dispersion as the top and bottom 
cladding dielectric layers. In this configuration, the maximum transmission will be given 
when the refractive indices of the top and bottom dielectrics are matched, and as δn 
increases, the transmission will drop due to the increase of the total insertion loss. 
Effectively, this device will work as a bandpass filter. An schematic of the filter operation 
is shown in Fig. 3.6. Due to the extreme sensitivity of LR SPP loss to δn, the LR SPP 
mode is only supported at wavelength λ for which nt()nb(). A small change in the 
refractive index of the top dielectric (nt) may now be translated into the large shift in the 
LR SPP filter bandpass () according to the equation [49,52]: 
 
                     ,                 (3.4) 
 
where dnt/d and dnb/d are the refractive index dispersion of nt and nb. Since the value 
of (dnt/d -dnb/d) may be controlled by a proper choice of materials (or a combination 
of materials for composite cladding layers), we can control the tuning range of the filter 
() for a given value of nt. The bandpass width of the LR SPP filter is determined by 
the sensitivity of the coupling/propagation loss in the LR SPP waveguides to δn=nt-nb, 
(see Fig. 3.4 and 3.5) and the difference in the refractive index dispersions of the top and 
bottom dielectrics (see Fig. 3.6).  
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Figure 3.6: Schematic of the LR SPP filter operation. Top panel: refractive index 
dispersion curves of the bottom dielectric (black line; assumed to be BK7 
glass) and the refractive-index-tunable top dielectric (blue solid line and red 
dashed line). Bottom panel: calculated optical throughput of the single-mode 
fiber system with 5-mm-long LR SPP filter inserted. Calculations are done 
for LR SPP filters with different values of W and t. Filter transmission is 
calculated for the two refractive index dispersion curves of the top dielectric 
(blue line and red dashed line in the top panel). Filter transmission is 
maximal at the index matching point of the top and bottom dielectrics and 
drops rapidly as wavelength goes away from the matching point [49]. 
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3.4 EXPERIMENT 
3.4.1 Proof-of-Principle Demonstration with Index-Matching Fluids 
To demonstrate the proposed bandpass filtering and wavelength-tuning 
mechanism experimentally, we operated at near-infrared wavelengths (=1.2-1.8m) and 
used a set of five refractive-index-matching fluids (Cargille Labs, Series A and AA) as 
the top dielectric and thermally grown 11μm-thick SiO2 layer as the bottom dielectric.  
The device was fabricated on an 11-μm-thick layer of thermally-grown SiO2 on a 
silicon substrate (Silicon Quest Inc.). For making patterns, a standard image reversal 
process with AZ5214E photoresist (PR) was used. First, AZ5214E PR was coated on the 
substrate with 4000rpm for 1 minute, and then the sample was placed on a hot plate at 90
for 5 minutes. Then, mask patterns were exposed on the sample for 3seconds (light 
intensity~7mW/cm2) using a MJB4 mask aligner, and the sample was placed on the hot 
plate at 115 for 90 seconds and subsequently exposed for flood exposure (for 100 
seconds) to make a reversed pattern image. Next, the sample was developed in AZ726 
MIF developer for 1 minute, and a 20nm-thick gold layer was coated using an e-beam 
evaporator (CHA1) with less than 0.5Ǻ/sec deposition rate, followed by lift off in acetone 
gently (see Fig.3.7). Finally, the sample was cleaved to 3~5mm-long waveguide sections. 
A schematic image of the finished device and end-fire coupling method with input and 
output fiber is illustrated in Fig. 3.8. 
 
 
 
 
0 C
0 C
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Figure 3.7: Device fabrication steps. (a) AZ5214E photoresist was coated on the 
substrate. (b) Pattern was made by using standard image reversal process. 
(c) E-beam evaporation of 20nm-thick gold and (d) lift-off was done 
subsequently. 
 
 
Figure 3.8: The LR SPP waveguide structure and the experimental configuration. The 
waveguide was made of 4-μm-wide and 20-nm-thick stripe of gold on top of 
an 11-μm-thick layer of thermally-grown SiO2 on a silicon substrate. Five 
types of the refractive index matching fluids were used at the top dielectric. 
The TM-polarized input light source coupled to a polarization-maintaining 
fiber (PMF) was end-fire coupled to the LR SPP waveguide; the output light 
was collected via single mode fiber (SMF) [49]. 
 26 
For the experimental demonstration of LR SPP optical filter, the sample was 
mounted and covered by refractive index matching fluids (Cargille Labs Mod. Series A 
and AA). A tunable laser (Santec Mod. MLS-2000, λ=1482nm-1592nm) and a broadband 
supercontinuum source (Koheras Mod. SuperK versa, λ=400nm-2000nm) coupled to a 
polarization-maintaining (PM) fiber (Oz optics Mod. PMJ-3S3S-1550-8/125-3-1-1) were 
used to excite the LR SPP mode via end-fire coupling of light. The output light was 
collected by single-mode fiber (Corning Mod. SMF-28) coupled to an optical power 
meter (Newport Mod. 1830-C) or optical spectrum analyzer (Ando Mod. AQ6317B). 
Both fibers were mounted on three-axis auto-alignment system. The positions of the input 
and output fiber were adjusted to maximize the transmitted output power. The transmitted 
broadband output power was recorded and properly normalized with the input power.  
 
 
 Figure 3.9: Experimental setup for the proof-of-principle demonstration. 
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The refractive index dispersion curves for SiO2 and 5 different refractive-index-
matching fluids are shown in Fig. 3.10 (a). There are five refractive index matching 
points with SiO2, thus we can expect that five different transmission curves 
corresponding to each refractive index matching points. Fig. 3.10 (b) shows simulated 
and experimental power transmission spectra through the 3.1-mm-long LR SPP filter. 
Simulated transmission spectra were calculated using the refractive index dispersion data 
in Fig. 3.10 (a) and assuming the LR SPP mode is coupled and out-coupled to a single-
mode optical fiber (SMF-28). As expected, the filter peak transmission occurs at 
wavelengths for which nt()= nb(); the experimental data of the transmission bandwidth 
is in good agreement with the theoretical curves. However, the experimental output 
transmission maximum values of each peak are lower than the calculated output due to 
possible defects on the Au stripe and the quality of the cutting edge . Experimentally, a 
0.004 variation in the refractive index of the cladding dielectric translates into 210 nm of 
bandpass tuning at telecom wavelengths. 
Figure 3.11 (a-f) show measured horizontal and vertical mode profiles in the LR 
SPP waveguide for different width of Au stripes using different wavelengths of light. In 
this experiment, type 5 refractive index matching fluid was used as the top cladding 
dielectric and a diode laser tunable in the range 1482-1592 nm was used as the light 
source in the end-fire geometry. As expected, the vertical profiles of the LR SPP mode 
become more distorted as the light wavelength moves away from the spectral point at 
which nt=nb, as expected from the simulations (see Fig. 3.2). At the same time, the 
horizontal LR SPP mode profiles become slightly broader, maintaining their symmetric 
shape. And as also expected, Au stripes with larger widths are less sensitive to change of 
refractive index of the index matching fluid (top dielectric). 
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Figure 3.10: Experimental demonstration of the LR SPP optical filter. (a) Refractive 
index dispersion curves for SiO2 (black line) and five different refractive 
index matching fluids (type 1-5) used in experiments. (b) Calculation and 
experimental results of the filter transmission for the five different types of 
index matching fluids. A 0.004 variation in the refractive index of the top 
filter dielectric translates into 210 nm of bandpass tuning range [49]. 
To make practical solid-state filters, one can use thermo-optic materials, electro-
optic crystals, or liquid crystal films as the dielectric with tunable refractive index. The 
bandpass width of the filters may be controlled by changing the design parameters of the 
LR SPP waveguides to make them more or less sensitive to δn, see Fig. 3.6. We note that 
the cutoff point in LR SPP waveguides may be set at an arbitrarily small value of δn by 
reducing the width and/or thickness of the gold stripe [53]. The bandpass may be 
narrowed (at the expense of tuning range) by choosing top and bottom dielectric cladding 
materials with a larger difference in refractive index dispersions, see Eq. (3.4). We note 
LR SPP filters are expected to operate equally well in mid-infrared spectral range (=3-
15m), which is very important of chemical sensing and spectroscopy. 
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Figure 3.11: Experimental measurement of the horizontal and vertical mode profiles in 
the LR SPP filter with type 5 refractive index matching fluid at different 
wavelengths. (a) Horizontal mode profile for 4μm-wide and 20nm-thick Au 
stripe. (b) Vertical mode profile for 4μm-wide and 20nm-thick Au stripe. (c) 
Horizontal mode profile for 5μm-wide and 20nm-thick Au stripe. (d) 
Vertical mode profile for 5μm-wide and 20nm-thick Au stripe. (e) 
Horizontal mode profile for 6μm-wide and 20nm-thick Au stripe. (f) 
Vertical mode profile for 6μm-wide and 20nm-thick Au stripe. LR SPP 
mode becomes distorted as light wavelength () moves away from the 
spectral point at which nt=nb; the values of n=nt()-nb() are specified in 
the figures for each . 
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3.4.2 Thermally Tunable Filters with Thermo-Optic Polymer 
A new concept of device based on LR SPP waveguide to create compact and 
widely-wavelength tunable filters has been successfully demonstrated by using a set of 
index-matching fluids as top dielectrics [49]. This approach however is not suitable for 
integration into compact optical systems.  
In this work, we demonstrate a thermally-tunable solid-state LR SPP filter that 
uses a thermo-optic polymer as top dielectric layer. The filter design is based on 
integration of a thin metal film between two dielectrics with dissimilar refractive index 
dispersion and dissimilar thermo-optic coefficient. In this configuration, the LR SPP 
waveguide will only have low insertion loss at a wavelength for which the refractive 
indices of the top (nt) and bottom (nb) dielectrics are the same, leading to a bandpass 
filter. The filter operation and calculated losses are shown in Fig. 3.12 (a) and (b). The 
tuning range () of such a filter is given as =nt/(dnt/d-dnb/d), where dnt/d and 
dnb/d are the refractive index dispersions of the top and bottom dielectrics, respectively, 
and nt is the refractive index variation in the top dielectric 49. These solid-state filters 
are extremely simple to fabricate, have no moving parts, and can provide continuous 
tuning over potentially more than one optical octave using small variation of the 
refractive index of the filter medium. 
The structure of the LR SPP filter and its cross-section used in our experiments is 
depicted in Fig. 3.12 (a) and (b). The device is fabricated on a Si wafer with a 15µm-
thick layer of thermally-grown SiO2. The metal stripe is made of gold and is 20nm-thick 
and 2.7µm-wide. A 34um-thick layer of UV curable thermo-optic polymer (ZPU-1446) 
as a top dielectric cladding is spin-coated and then cured in an UV light irradiation 
chamber for 10min. End-fire coupling/out-coupling was used to connect the LR SPP 
filter to a light source and detector as seen in Fig. 3.12 (b). A broadband source (λ=400-
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2000nm) coupled to a single-mode fiber (SMF-28e) were used as a light source. The 
output light was collected by a SMF and sent to an optical spectrum analyzer. Both input 
and output fibers were mounted on three-axis auto-alignment system. A 4mm-long LR 
SPP filter was used in our experiments and the filter was mounted on a temperature-
controllable thermo-electric plate.  
Top panel of Fig. 3.14 shows the refractive index dispersion curves for SiO2 
(dnb/dT=1×10
-5) at the two different temperatures and ZPU polymer(dnt/dT=−1.864×10-4) 
at the five different temperatures. The ZPU polymer has a much larger thermo-optic 
coefficient than SiO2 and changes its refractive index with temperature significantly, 
while the refractive index of SiO2 stays virtually constant. For each temperature, the 
refractive index dispersion curve of the ZPU polymer intersects that of SiO2 at a different 
wavelength. 
 
 
Figure 3.12: (a) Cross section of the LR SPP waveguide used for simulation and 
experiment. The thin metal stripe is positioned between the top and bottom 
dielectric layer with its refractive index nt and nb. (b) The LR SPP 
waveguide structure and the experimental configuration [52].  
Bottom dielectric, nb
Top dielectric, nt
w
t
Metal
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The filter transmission is maximal at wavelengths for which the indices of the top and 
bottom dielectrics are perfectly matched and drops as off away from the matching point. 
The calculation and experimental results are presented in the bottom panel of Fig. 3.14. A 
temperature variation of 8oC translates into a wavelength tuning range of 222nm 
(=1428~1650nm) with a 28nm/oC of temperature sensitivity. Transmission  
 
 
Figure 3.13: (a) Schematic of the LR SPP filter operation. Top: refractive index 
dispersion curves for SiO2 and ZPU polymer at 19
 oC and 29 oC. Bottom: 
calculated optical throughput of the 4mm-long LR SPP filter. (b) Calculated 
mode power attenuation and coupling loss (Top panel) and total insertion 
loss (Bottom panel) [52].  
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Figure 3.14: Top: refractive index dispersion curves for SiO2 and ZPU polymer at the 
five different temperatures. Bottom: calculation and experimental results of 
the filter transmission for the five different temperatures [52]. 
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bandwidth can be reduced by using dielectrics with higher mismatch in optical 
dispersion, dnt/d-dnb/d (in this case bandwidth is reduced at the expense of filter tuning 
range), using longer LR SPP waveguides or stacking multiple LR SPP filters, and by 
tweaking the filter design to make LR SPP mode more sensitive to the refractive index 
mismatch between the top and bottom dielectrics. 
 
3.6 CONCLUSION 
In this work, we have demonstrated a new kind of widely wavelength-tunable 
bandpass filter based on LR SPP. The proposed concept was successfully demonstrated 
using a set of index-matching fluids. In this proof-of-principle demonstration, we 
achieved over 200nm wavelength tuning with only 0.004 of index variation of the top 
dielectric layer. To demonstrate a more practical solid-state device, we created a 
thermally-tunable optical bandpass filter with tuning range of 222nm around 1550nm 
wavelength based on LR SPP waveguide that uses a thermo-optic polymer as the top 
dielectric. The filter design allows one to translate a small refractive index tuning range 
of the top dielectric into a large filter bandpass tuning range. The filters are simple in 
fabrication and may be integrated with fiber-optic and semiconductor laser systems to 
create optical components with widely tunable spectral response. The broad tuning range 
of these devices is appealing, in particular, for tunable laser systems, spectroscopic 
applications, and imaging. 
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Chapter 4 
Ultrafast Electrically Tunable Polaritonic Metasurfaces3 
 
4.1 INTRODUCTION 
Plasmonic metasurfaces have recently raised widespread interest due to their 
ability to control the optical response over a broad spectral range and at deeply sub-
wavelength scales by properly tailoring size and shape of metallic nanoinclusions. 
Frequency selective surfaces [54-56] may be considered the predecessors of 
metasurfaces, consisting of uniform arrays of inclusions with size on the order of the 
wavelength, and are capable of tailoring the spectral response to a large degree. 
Introducing plasmonic materials allows drastic squeezing of the dimensions of each 
inclusion and confining light in sub-diffractive volumes, with advantages in terms of 
spatial resolution and enhanced light control. Recently, the concept of gradient 
metasurfaces has also emerged, in which metallic nanoinclusions are individually tailored 
to scatter light with the desired phase and amplitude spatial profile. Gradient 
metasurfaces provide a much richer control of the wavefront in both local amplitude and 
phase of the emerging transmitted and reflected beams [57-60]. Such structures enable 
flat optical components for beam focusing, polarization control and phase correction, to 
name a few examples [57-62]. 
The next challenge and exciting perspective for this technology consists in 
enabling real-time reconfigurability of the metasurface platform with a fast response 
time, which may produce flat optical components for rapid wavefront modulation, phase 
tuning and beam steering [60]. A number of methods to tune the spectral response of 
                                                 
3  J. Lee et al., Ultrafast Electrically Tunable Polaritonic Metasurfaces. Adv. Opt. Matt., 
DOI:10.1002/adom.201400185, (2014). 
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plasmonic nanoresonators have been reported in the recent past, based on thermal, 
mechanical, optical, and electrical control, as summarized in Ref. [63]. Electrical tuning 
techniques are of particular interest, since they open a route to on-chip integration of 
metasurfaces with electronics, potentially enabling GHz-level switching speeds. The 
most common electrical tuning mechanisms reported so far are based on phase-change 
media [64-66], the use of liquid crystals [67,68], and carrier concentration control on a 
semiconductor substrate [69,70] or grapheme [71-74]. Approaches based on phase-
change media and liquid crystals rely on intrinsically slow physical processes and thus 
cannot produce metasurfaces with nanosecond switching time. Carrier-concentration 
control produces metasurfaces with much faster switching speeds with the best results in 
terms of tuning range and switching speeds achieved with hybrid metal−graphene 
structures, demonstrating spectral tuning with switching speeds up to 30 MHz [75], 
limited by the RC time constant of the biasing circuit.  
It has recently been suggested and experimentally demonstrated by our team 
[76,77] as well as by Brener’s group in Sandia Labs [78-80] that metasurfaces made of 
plasmonic nanoresonators polaritonically-coupled [81-84] to intersubband transitions in 
multi-quantum-well (MQW) semiconductor heterostructures engineered for large 
quantum confined Stark effect [85-87] may display voltage-tunable optical response. 
Here we demonstrate that these polaritonic metasurfaces may provide one of the fastest 
electrical switching of optical response demonstrated in metasurfaces to date. Our 
structures utilize well-established InGaAs/AlInAs MQW semiconductor technology and 
demonstrate comparable absorption modulation speed compared to hybrid 
metal−graphene structures while using lower bias modulation voltage [75]. Potential 
applications of these devices may span across multiple disciplines, including actively 
 37 
controllable fast optical switches, beam steering devices, and ultrafast spatial optical 
modulators.  
In the context of modulation speed, we note that the speed of devices based on 
carrier-concentration modulation is ultimately limited by the carrier injection/removal 
time (although the time scales of these processes are in the picosecond range, much 
smaller than the RC time constants of devices demonstrated to date). In contrast, similar 
to other modulators based on classical electro-optic effect [88], the time response of our 
devices is limited only by the RC time constant of the biasing circuit which may 
ultimately offer an advantage for achieving very high modulation speeds. 
 
4.2 METASURFACE DESIGN AND SIMULATIONS 
Quantum engineering of intersubband transitions in n-doped MQW 
heterostructures provides the possibility to produce optical materials with one of the 
largest known electro-optic coefficients for TM-polarized light, associated with the 
quantum confined Stark effect [85-87]. For optical frequencies ω close to the 
intersubband transition frequency, the dielectric constant for E-field polarization 
perpendicular to the heterostructure layers can be written as [89] 
              (4.1) 
where  is the dielectric constant of an undoped semiconductor structure, e is the 
electron charge,  is the average bulk doping density in the MQW structure, and , 
, and  are the transition dipole moment, frequency, and linewidth broadening 
factor, respectively, for a transition between electron states 1 and 2, see Fig. 4.1 (a,b).  
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Figure 4.1: Semiconductor heterostructure design. (a-c) Conduction band diagram of 
one period of an In0.53Ga0.47As/Al0.52In0.48As coupled MQW structure under 
zero, +50 kV/cm (+1 V across 200 nm), and −50 kV/cm (-1 V across 200 
nm) bias fields. Shown in (a-c) are calculated transition dipole moment z12 
and transition energy E12 between the first two electron subbands. (d, e) 
Calculated real (d) and imaginary (e) parts of the dielectric constant normal 
to MQW layers () under applied bias voltages of 0 and +/-1V. (f) 
Measured absorption spectrum of the MQW structure for zero bias at room 
temperature [90]. 
 
 MQW structures can be designed to display giant quantum confined Stark effect 
by tailoring the wavefunctions for states 1 and 2 to be spatially separated (see Figure 4.1 
(a) as an example)[85-87]. In this case, the transition energy  can be tuned by bias 
voltage applied across the structure and this leads to a change in (), cf. Equation 4.1. 
Owing to intrinsic TM-polarization of intersubband transitions between electron states, 
the value of the dielectric constant for electric field parallel to the MQW layers, //(), 
stays unchanged. Our structure is designed using a self-consistent Poisson-Schrodinger 
12
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solver. It is composed of 7 repetitions of a double-quantum-well unit that consist of 4.7 
nm and 1.9 nm In53Ga47As quantum wells, separated by a 1 nm thick Al48In52As barrier. 
The units are separated with 20 nm thick Al48In52As barriers, doped to 3.44×10
17 cm-3 in 
the central 14 nm portion. Compared to Ref. 80, much thicker barriers between adjacent 
coupled-quantum-well units used in our structures resulted in over 2 orders of magnitude 
reduction of leakage current density (20 A/cm2 vs 2600 A/cm2 in Ref. 80) under 
operational bias voltage which dramatically reduces ohmic heating in our structures. 
Figure 4.1 (a-e) shows the bandstructure as well as calculated real and imaginary parts of 
 for the MQW structure used in this work for bias voltages of 0 and +/- 1V applied 
across approximately 200-nm-thick MQW layer. The calculations assume doping density 
Ne=3.44×10
17 cm-3 and transition linewidth obtained from measured 
intersubband absorption in the MQW structure at zero bias shown in Fig. 4.1 (f). We note 
that the absorption peak at in Fig. 4.1 (f) is in excellent agreement with 
the theoretical calculations shown in Fig. 4.1 (a).  
The MQW layer is then sandwiched between a bottom metal ground plane and a 
top metal layer patterned with an array of complementary nanocrosses. The unit cell of 
the metasurface is shown in Fig. 4.2 (a). The bottom ground plane is implemented to 
ensure that the plasmonic nanoresonators support TM-polarized modes in the MQW 
layer, and it may, at the same time, be used as bottom electrode for electrical biasing of 
the MQW structure. The complimentary cross design for the top surface pattern is chosen 
to produce a continuous top metal electrode for biasing. 
 
122 19meV 
12 177meV 
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Figure 4.2: Metasurface design. (a) One unit cell of the periodic metasurface (w=0.38 
μm, L=1.48 μm, P=1.73 μm). The semiconductor layer is sandwiched 
between a top complementary nanocross array and a bottom metal ground 
plane. Bias voltage is applied across the semiconductor layer with top and 
bottom metal films acting as electrodes. (b) Simulated metasurface 
absorption at different bias voltages. Black dash lines trace the positions of 
the two polaritonic peaks at different DC bias voltages and polaritonic 
splitting of the absorption peak is clearly visible. For clarity, the absorption 
curves at different bias voltages are offset from each other vertically by 
15%. (c) Simulated distribution of normal electric field component and its 
enhancement relative to the incident field magnitude in the semiconductor 
layer 100 nm below the complementary nanocross array. Simulations are 
performed at =6.75 m and zero bias voltage [90]. 
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In the simulation, commercial Maxwell’s equations solver (CST studio) based on 
the finite-integration method in frequency domain was used to compute the reflectance 
and E-field distribution in the MQW layer. Periodic boundary conditions were placed 
around the unit cell and open boundary conditions were placed in the perpendicular 
direction of the top device surface. Because of the ground plane, the transmittance of the 
metasurface was zero and the absorbance A was calculated as , where R is the 
power reflectance of the metasurface. 
As follows from Equation 4.1 and as shown in Fig. 4.1 (d), the refractive index 
change is particularly strong for frequencies close to the intersubband transition 
frequency 12. Consequently, in order to achieve the maximum tuning range, the 
complimentary cross nanostructures were designed to have a resonance close to 
intersubband transition frequency 12 for zero bias. In this case, the electromagnetic 
modes in metallic nanostructures are polaritonically coupled to the intersubband 
transition 1-2 in the MQW layer. The polaritonic absorption peak splitting can be seen in 
the simulated absorption spectra of the metasurface at normal incidence shown in Fig. 4.2 
(b). The vacuum Rabi energy splitting is calculated to be , in good 
agreement with simulation results [81-82]. Figure 4.2 (b) also shows how the metasurface 
absorption is expected to change as the transition frequency between electron subbands 1 
and 2 is tuned by the bias voltage. Figure 4.2 (c) shows the distribution of surface normal 
component of E-field induced in the MQW layer by input light at normal incidence. We 
note that, due to the symmetry of complimentary nanoscross structures, the same 
response is achieved for any light polarization at normal incidence. 
1A R 
2 16.7R meV 
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4.3 DEVICE FABRICATION 
Experimentally, a 400 μm by 400 μm two-dimensional array of nanoresonators, as 
shown in Fig. 4.2 (a), was patterned on top of the MQW layer metal-bonded to a 
semiconductor substrate. Figure 4.3 shows the fabrication steps of the metasurface. 
MQW structures were grown by the molecular beam epitaxy on a semi-insulating InP 
substrate. The growth started with a 300-nm-thick etch-stop layer of In0.53Ga0.47As, 
followed by a 100-nm-thick etch-stop layer of InP, followed by the MQW structure. A 
10-nm-thick layer of titanium, a 50-nm-thick layer of platinum, and a 500-nm-thick layer 
of gold were subsequently evaporated on top of the MQW layer. The wafer was then 
thermo-compressively bonded epi-side down to a semi-insulating InP wafer coated with 
the same metal layers. The InP substrate on the MQW wafer was then removed via 
mechanical polishing and selective wet-etching, followed by the removal of the etch-stop 
layers via selective wet-etching. A 400 μm by 400 μm array of complementary crosses 
was produced on the MQW layer with e-beam lithography, evaporation of a 5-nm-thick 
layer of titanium and 40-nm-thick layer of gold, and lift-off. A 700 μm by 700 μm of 
square mesa structure was then etched in the MQW layer all the way to the bottom metal 
contact layer with the patterned complimentary cross array in the center of the mesa. A 
1.5 mm by 1.5 mm square patch made of 500-nm thick layer of SU-8 photoresist was 
then deposited on top of the mesa and surrounding area with a 400 μm by 400 μm of 
square opening on top of the nanocross array. Finally, a 1.4 mm by 1.4 mm top metal 
contact layer with a window across the nanocross pattern was fabricated on top of the 
SU-8 patch. The contact layer is made of a 10-nm-thick layer of titanium and 150-nm-
thick layer of gold and it contacts the borders of the nanocross array. Finally the device 
was mounted on a copper block and wire-bonded to apply a bias voltage.  
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Figure 4.4 (a)-(c) show a top view of the scanning electron microscope image of 
the complete wire-bonded device (Fig. 4.4 (a)), details of the top surface pattern (Fig. 4.4 
(b)), and a side view of the cleaved facet of the metasurface showing the MQW layer 
above the metal ground plane bonded to a substrate (Fig. 4.4 (c)). Details of the process 
technique and recipes of each step are described as follows: 
 
 
 
Figure 4.3: Facet-view schematic drawing of the fabrication process steps of 
metasurface. Arrows indicate order of fabrication steps.  
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Figure 4.4: Fabricated metasurface. (a-c) Scanning electron microscope images of the 
wire-bonded device (a), the complementary crosses (b), and a side view of 
the cleaved facet with the MQW layer metal-bonded to InP substrate (c) 
[90].  
 
Epi-layer design and growth 
The coupled quantum well structure for electrically tunable optical response was 
designed using a self-consistent Poisson-Schrodinger solver. In this work, we used a 
particular composition of two materials, In0.53Ga0.47As/In0.52Al0.48As, in which the lattice 
constant of the layers is virtually identical to that of InP substrate. The growth parameters 
of layers are shown in Table 4.1. The multi-quantum well layers of our structure were 
grown by Molecular-Beam Epitaxy (MBE).  
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Table 4.1: Multi-quantum well growth parameters. The semiconductor layers were 
grown on semi-insulating InP substrate. 
 
Wafer bonding 
For MQW layer transfer onto a metal ground plane, Au-Au thermo-compression 
wafer bonding was used. The initial wafer was cleaned by oxygen Reactive Ion Etching 
(RIE) (Oxford RIE, O2 50sccm, pressure 50mtorr, RF 75W, for 2min) and by dipping in 
BOE (buffered oxide etchant) for a few seconds in order to remove surface oxidation and 
to improve adhesion of metal layers onto the wafer. 10nm of titanium, 50nm of platinum, 
and 400nm of gold were evaporated on the epi-layer grown wafer and another InP bare 
wafer. The platinum layer is a metal diffusion blocking layer while wafer bonding. 
Metallization defects were checked prior to placing the wafers on a tungsten plate in 
AML wafer bonding machine. Then the two wafers are placed and aligned on the 
Matrix Layers
Layer Material [nm] Ratio Doping (cm-3)
1 InGaAs 300 In53Ga47As
2 InP 100
3 InGaAs 5 In53Ga47As 1.00E+18
4 AlInAs 3 Al48In52As
5 AlInAs 7 Al48In52As 1.00E+18
Start of 7 repeat periods
6S1 AlInAs 7 Al48In52As 1.00E+18
7S1 AlInAs 3 Al48In52As
8S1 InGaAs 4.7 In53Ga47As
9S1 AlInAs 1 Al48In52As
10S1 InGaAs 1.9 In53Ga47As
11S1 AlInAs 3 Al48In52As
12S1 AlInAs 7 Al48In52As 1.00E+18
End of repeat periods
13 AlInAs 7 Al48In52As 1.00E+18
14 AlInAs 3 Al48In52As
15 InGaAs 5 In53Ga47As 1.00E+18
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tungsten plate and a graphite sheet is placed above the parts. After closing the chamber, 
the parts were clamped with 100N before pumping. The chamber is evacuated to below 
5×10-4 torr and was heated to 320oC with a light clamping force (~200N). When the 
upper and lower plate reached temperature, 4.5kN of clamping force was applied for 15 
minutes. After that, the upper and lower plates were cooled to below 200oC with the force 
maintained. Finally, the bonded sample is inspected.  
 
 
Substrate removal 
After the wafer bonding, the InP substrate on the MQW wafer was removed via 
mechanical polishing and selective wet-etching. In the mechanical polishing process, a 
slide glass is bonded on a polishing block with crystal glue, and the bonded wafer is 
bonded on the slide glass with crystal glue. Initial thickness of the sample is recorded. 
SiC get is diluted with DI water on a polishing stage and the sample is grinded on the 
diluted SiC gel and 150~200μm-thick substrate is thinned down from initially 350μm-
thick InP substrate. The thickness of the sample is monitored while grinding. Uniformity 
of the thickness should be smaller than 0.02mm for uniform wet-etching. The 
mechanically polished sample is detached from the polishing block and is cleaned with 
Acetone and IPA and then again attached to a slide glass with crystal glue. The remaining 
InP substrate layer is then etched by dipping in HCl : DI water = 3(300ml) : 1(100ml) 
(InP etch rate : ~10μm/min, etch stop at In0.53Ga0.47As layer) solution until shiny surface 
is revealed and the sample is rinsed in DI water. Now the top layer of the sample is a 
300nm of InGaAs and the layer is etched by dipping in H3PO4 : H2O2 : DI water = 
1(50ml) : 1(50ml) : 38(1900ml) solution for about 2min 30sec (In0.53Ga0.47As etch rate: 
~2nm/sec, etch stop at InP layer) until the surface color turns uniform (The surface color 
is purple for the 220nm-thick MQW layer). The sample is then rinsed in DI water. 
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Finally, 100nm-thick InP layer is etched by dipping in HCl : DI water = 3(300ml) : 
1(100ml) solution for a few seconds until the surface color turns uniform and the sample 
is rinsed with DI water. Finally, the MQW layer is transferred onto the metal ground 
plane.  
 
Electron-Beam Lithography (EBL) and LOR layer RIE etching 
To make an array of nanocrosses, electron-beam lithography was used. The 
MQW layer transferred onto the metal ground plane should be cleaned by oxygen RIE 
(Oxford RIE, O2 50sccm, pressure 50mtorr, RF 75W, for 2min) and by dipping in BOE 
for a few seconds to remove surface oxidation and improve adhesion of metal layers onto 
the sample. Skipping this surface cleaning process will cause a failure in metal lift off. 
LOR 0.7A is coated on the sample with 4000rpm spinning for 1min and baked at 180oC 
for 1min. Then, ZEP (positive e-beam resist) is coated on the sample with 4000rpm 
spinning for 1min and baked at 180oC for 2min. The sample is loaded in a cassette 2A in 
Jeol 6000 FSE EBL machine and a 400μm by 400μm of designed nanocross array is 
patterned (EOS7, 100pA, area dose: 180μC/cm2, linedose: 0.12nC/cm, shotmodule: -50). 
After ebeam patterning, the sample is developed in ZEP developer for 2min and rinsed in 
IPA. Since LOR layer is inert to electron-beam and ZEP developer, oxygen RIE is used 
to etch the revealed LOR layer (Oxford RIE, O2 50sccm, pressure 50mtorr, RF 75W, for 
1min 30sec). RIE etching time will vary based on machine conditions.   
 
 
Metal deposition and Lift-off 
For metal deposition, the CHA, a multi-crucible electron beam evaporator, was 
used. The system can accommodate up to four crucibles at a time to allow multiple and 
sequential deposition. The metal layers consist of a 5nm-thick layer of titanium (for metal 
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adhesion) and a 40nm-thick layer of gold. After the metal deposition, the sample is 
placed in Remover PG at 70oC for 1hour. Then the sample is rinsed in DI water and 
placed in a plastic beaker with acetone. For complete lift-off, ultra-sonication is used for 
only a second. In this lift-off process, the sample should not be dried; otherwise the 
unlifted portion of the array will be very difficult to remove and may need longer ultra-
sonication. 
 
Photolithography 
In the process of the device fabrication, several photo-resist (PR) patterns by 
photolithography were needed. For mesa structure etching, a 700μm by 700μm of square 
PR pattern is made using AZ5214 (positive PR). The PR coated on the sample with 
4000rpm for 1 minute and baked at 100oC on a hot-plate for 1 minute. The sample is 
aligned with a photomask and exposed to UV light for 4 seconds. And the pattern is 
developed in 726MIF developer for 1 minute. Secondly for SU8 cap layer patterning, the 
photomask is cleaned in piranha solution for 8 minutes. SU8 2000.5 (negative PR) is 
coated on the sample with 3000rpm for 1min and the sample is baked at 100 ºC for 1 
minute. And the sample is aligned with the photomask and exposed to UV light for 20 
seconds. The sample is post-baked at 100 ºC on a hot-plate for 2 minutes and developed 
in SU8 developer for 1 minute and rinsed in IPA. Finally for a thick top metal contact 
layer patterning, AZ5214E is coated on the sample with 4000rpm for 1 minute and pre-
baked at 90 ºC on a hot-plate for 5 minutes. The sample is aligned with the photomask 
and exposed to UV light for 4 seconds. Then the sample is post-baked at 115 ºC on a hot-
plate for 90 seconds and exposed to UV light for 100 seconds (flood exposure for image 
reversal process). The sample is developed in 726MIF developer for 1 minute and rinsed 
in DI water.  
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4.4 EXPERIMENTAL RESULTS 
For initial characterization, we measured the intersubband absorption spectrum 
from epi-grown MQW layer after background correction. The experimental intersubband 
absorption spectrum gives actual electron transition energy between electron subbands in 
the MQW structure and transition linewidth which can be extracted from Full Width Half 
Maximum (FWHM) of the intersubband absorption spectrum. Given the close agreement 
between calculated and measured transition energies and the typically high accuracy of 
band structure calculations, we assume that transition dipole moments for intersubband 
transitions between states 1 and 2 in the MQW structure are the same as simulated in Fig. 
4.1 (a)-(c). In this measurement, initial wafer was polished to have facets at 45º to the 
surface normal and its top and bottom surfaces were gold-coated. Figure 4.5 shows 
schematic of optical setup used for intersubband absorption measurement. 
 
 
Figure 4.5: Intersubband absorption measurement setup. Unpolarized continuous Mid-
IR light from Fourier Transform Infrared Spectrometer (FTIR) passes 
through a linear polarizer and is focused onto one facet of MQW sample. 
Mid-IR light passed in multipass geometry of MQW sample is then detected 
from a photodetector.  
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Figure 4.6: Optical setup used for metasurface characterization. (a) Schematic of optical 
setup. Mid-IR light source can be either a broadband thermal output from a 
Fourier-transform infrared spectrometer or a broadly tunable quantum 
cascade laser. (b) photo-image of actual optical setup for DC biased 
absorption measurement. (c) photo-image of actual optical setup for high 
speed modulation measurement.  
A schematic of the optical setup for the metasurface measurement is illustrated in Fig. 4.6 
(a). For initial characterization, we measured absorption spectra of the metasurface for 
different applied DC bias voltages from -5 V to +5 V with a 1V step. Actual setup used 
for this measurement is shown in Fig. 4.6 (b). A Fourier-transform infrared spectrometer 
(FTIR) was used for the spectral measurement of the metasurface. Broadband mid-
infrared light from the FTIR thermal source passed through a chopper and a non-
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polarizing achromatic 50% beam splitter, and was focused on a sample at normal 
incidence through a numerical aperture 0.5 lens. The reflected signal was collected by the 
same objective lens and was directed by the beam splitter towards a liquid nitrogen 
cooled mercury cadmium telluride (MCT) photo-detector (Kolmar Technologies, Inc.) 
through another lens. The reflection spectrum from the metasurface was normalized using 
the reflected signal from a gold mirror as a reference. The measurement data is shown in 
Fig. 4.7. The intersubband transition frequency 21 increases with the DC bias, consistent 
with Figure 1, and reflected in the variation of the absorption spectrum. The measured 
peak absorption shifts by over 0.3 m from 6.78 μm to 7.09 μm with a change in bias 
voltage of only 2 V between +1 V and +3 V. Current-voltage measurements of the 
metasurface in Figure 4b reveal very low current density below 20 A/cm2 for up to 5V 
bias voltage. Simulation of a temperature increase in our structures due to electrical 
power dissipation shows only 0.04°C temperature increase under +5 V DC biasing, 
which shows that our structures require no cooling system for operation.  
The experimentally observed spectra in Fig. 4.7 are in good agreement with our 
simulations in Fig. 4.2 (b), although higher bias voltages were required to experimentally 
realize optical tuning. This is most likely the effect of contact resistance at the 
semiconductor-metal interfaces in the top and bottom electrodes. We note that, due to 
small thickness of the semiconductor heterostructures of our metasurfaces, we did not use 
heavily-doped ‘contact layers’ and our contacts are non-alloyed.   
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Figure 4.7: Experimental absorption spectra of the metasurface for different DC bias 
voltages from -5V to 5V with 1V step. For clarity, the absorption curves at 
different bias voltages are offset from each other vertically by 5%. Black 
dash lines trace the positions of the two polaritonic peaks at different DC 
bias voltages [90].  
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Figure 4.8: (a) Current-voltage characteristic of the metasurface. (b) Absorption 
amplitude modulation for positive DC bias voltages deduced from Fig. 4.7. 
(c) High speed modulation measurements. Oscilloscope traces of the 
modulation voltage on the metasurface and the corresponding light intensity 
modulation of the reflected beam are shown. All intensity modulation traces 
use the same units. We applied voltages pulses with different pulse widths: 
100ns (top panel), 50ns (middle panel), and 10ns (bottom panel) at 5MHz 
repetition frequency. (d) Zoom-in of the data for metasurface modulation 
with 10ns pulses [90].  
Figure 4.8 (b) shows the variation of metasurface absorbance for different DC 
bias voltages, defined as , where and are the 
metasurface absorbance in percent for zero bias, and applied voltage V, respectively. 
Strong metasurface absorbance (or reflectivity) modulation is achieved around 6.72 μm 
and 7.12 μm wavelengths. In particular, over 30% of absorbance change is achieved 
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around a wavelength of 7.12 μm by changing bias voltage from 0V to +5V. Since the 
tuning is achieved by electro-optic effects due to Stark shift of the intersubband transition 
energy and it requires no carrier transport across the MQW layer, the frequency response 
of the device is only determined by the RC time constant of the biasing circuit.  
For high-frequency modulation measurements, a continuous-wave broadly 
tunable quantum cascade laser (Daylight solutions, Inc.) was used instead of an FTIR 
thermal source and a fast mid-IR photovoltaic mercury cadmium telluride (MCT) 
detector (Vigo System S.A., time constant < 1ns) was used instead of slow cryogenically 
cooled MCT detector in the optical setup described earlier and shown in Fig. 4.6 (a) and 
(c). Voltage pulses across the metasurface and the modulated signal from the MCT 
detector were moditored simultaneously on the multi-channel oscilloscope.  
Ultrafast reflectivity switching was verified by observing intensity variation of the 
reflected QCL light at =6.75 m, close to the strong intensity modulation region 
measured in Fig. 4.8 (b). The bias voltage on the structure was modulated between +2 V 
and +4 V as confirmed by the oscilloscope traces shown in Fig. 4.8 (c). To achieve such 
voltage modulation, we sent short pulses with +2 V amplitude through bias tee with +2 V 
DC bias. The RC time constant of our structure for such modulation is calculated to be 
approximately 8 ns using the average structure resistance of approximately 60 Ω in +2~4 
V range obtained from the current-voltage characteristics shown in Fig. 4.8 (a) and the 
structure capacitance of 140 pF calculated using the structure dimensions. The total 
device capacitance of the structure is calculated by summing the capacitance of a 
400×400 μm2 section of nanocrosses on 220 nm MQW layer, 700×700 μm2 of mesa 
section with 500-nm-thick layer of SU-8 on top of the 220nm MQW layer, less 400×400 
μm2 center section, and 1.4×1.4 mm2 500-nm-thick layer of SU-8 on top of ground plane, 
less the 700×700μm2 mesa structure. The dielectric constant of the MQW layer was taken 
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to be from ref. 91 and that of SU-8 was taken to be  from the 
manufacturer specifications sheet (Microchem Corp.). We note that the RC time constant 
of our metasurface may be significantly improved by reducing the nanoresonator array 
and contact area sizes. A thermoelectrically-cooled mercury cadmium telluride detector 
with response time of 1 ns was used to detect the intensity modulation of the reflected 
light. Figure 4.8 (c) shows oscilloscope traces of the reflected light intensity and 
corresponding traces showing voltage modulation on the metasurface. Modulation 
voltage pulses of 100 ns, 50 ns, and 10 ns were sent to the metasurface at 5 MHz 
repetition frequency and the data shows that reflected beam intensity follows the shape of 
the voltage pulses with high accuracy. Modulation depth of the reflected light intensity 
stays approximately constant for all pulse durations as seen in Figure 4d. We note that the 
voltage pulse width of 10 ns is the minimum pulse width that was available from the 
pulser in our laboratory, and the measured signals indicate that much faster modulation 
speeds may be achieved with these polaritonic metasurfaces, since, fundamentally, the 
response time is only limited by the RC time constant of the associated circuitry.      
 
4.5 CONCLUSION 
Tunable polaritonic metasurfaces presented in this work represent a new class of 
ultra-fast reconfigurable metamaterials that achieve the desired optical properties by 
polaritonic coupling of quantum-engineered transitions between electronic states with 
electromagnetically-engineered modes of metallic nanoresonators. Our design approach 
allows producing metasurfaces with new functionalities, such as rapidly-tunable optical 
response plasmonic nanoresonators reported here, as well as large optical nonlinearities 
and signal amplification in electrically-pumped structures. Compared to tunable 
10MQW 5.28 SU
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metasurfaces based on hybrid metal−graphene structures, which have attracted significant 
attention recently [71-75,92], the metasurfaces presented here offer the significant 
advantages of lower modulation voltages, robust and well-established fabrication 
technology, and potentially larger modulation speeds. Since tuning in our structures is 
achieved by an electro-optic effect that requires no electron transport in the MQW layers, 
the modulation speed may be pushed well within the GHz range and above. The 
experimental results reported here represent a proof-of-concept experimental 
demonstration, and we expect further improvements in speed and intensity modulation 
depth in future structures based on smaller-sized elements with reduced RC time constant 
and optimized nanoresonators designs. The metasurface geometry presented here is well-
suited for integration into various voltage-reconfigurable flat optical elements for, e.g., 
real-time beam steering and polarization control using polarization-sensitive plasmonic 
nanoresonators. 
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Chapter 5 
Second Harmonic Generation from Highly-Nonlinear Ultra-Thin 
Metasurfaces Coupled to Intersubband Transitions4 
 
5.1 INTRODUCTION 
Intersubband transitions in n-doped semiconductor heterostructures provide the 
possibility to quantum-engineer one of the largest known nonlinear optical responses in 
condensed matter systems, limited however to electric field polarized normal to the 
semiconductor layers [20,93-98]. In a different context, plasmonic metasurfaces have 
been proposed in various scenarios to strongly enhance light-matter interaction and 
realize ultrathin planarized devices with exotic wave properties [57,58,62,99]. In this 
work, we propose and experimentally realize metasurfaces with record-high nonlinear 
response based on the coupling of electromagnetic modes in plasmonic metasurfaces with 
quantum-engineered intersubband transitions in semiconductor heterostructures. We 
show that it is possible to engineer virtually any element of the nonlinear susceptibility 
tensor of these structures and we experimentally verify this concept by realizing a 400-
nm-thick metasurface with nonlinear susceptibility of over 5104 pm/V for second 
harmonic generation (SHG) at 8 μm under normal incidence, which is many orders of 
magnitude larger than any second-order nonlinear response in optical metasurfaces 
measured to date [100-103]. The proposed structures can act as ultrathin highly-nonlinear 
optical elements that enable efficient frequency mixing with relaxed phase-matching 
conditions, ideal to realize broadband frequency up- and down-conversions, phase 
conjugation and all-optical control and tunability over a surface.  
                                                 
4 J. Lee et al., Giant nonlinear response from plasmonic metasurfaces coupled to intersubband transitions. 
Nature, 511, 65, (2014). 
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The field of optical metamaterials has shown exciting advances in recent years, 
with many demonstrated applications based on their linear interaction with light, 
including super-resolution imaging [104,105] and optical cloaking [106-108]. More 
recently, optical metamaterials with tailored nonlinear response have opened new degrees 
of freedom in metamaterial design, with interesting venues for super-resolution imaging 
[109], for performing efficient frequency conversion and optical control with greatly-
relaxed phase-matching conditions [110], as well as for optical switching and memories 
at the nanoscale [111].  
So far, nonlinearities in metamaterials have been mostly realized by exploiting the 
natural nonlinear response of plasmonic metals [100,101] or by enhancing the 
nonlinearity of optical crystals using plasmonic nanoantennas [102,103]. A different 
approach to realize large nonlinear optical response has been put forward by quantum-
engineering intersubband transitions in n-doped multi-quantum-well (MQW) 
semiconductor heterostructures [20,93-98]. By controlling the width of wells and barriers 
in the MQW structures, one can tailor the transition energy and dipole moments between 
electron subbands, so as to maximize the quantum-mechanical expressions for a 
nonlinear process of choice, producing one of the largest known nonlinear responses, up 
to 6 orders of magnitude larger than that of traditional nonlinear optical materials [20,93-
98]. Voltage may be used to modify and spectrally tune intersubband nonlinearities [20] 
and electrical pumping may be used to produce active intersubband structures with full 
loss-compensation for both second-order [94-96] and third-order [112] nonlinear 
processes. 
Nonlinear MQW structures have been successfully integrated into waveguide-
based systems to produce efficient frequency conversion [24,94-98], and have enabled 
the development of mass-producible room-temperature electrically-pumped sources of 
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THz radiation [96]. Nearly 1% of SHG power conversion efficiency at 8.6 μm 
fundamental frequency was achieved in waveguides with passive 
In0.53Ga0.47As/Al0.48In0.52As MQW structures [24] and over 16% power conversion 
efficiency was theoretically predicted [113]. However, the integration of giant MQW 
nonlinearities with free-space optics is very challenging because optical transitions 
between electron subbands are intrinsically polarized along the surface normal to the 
MQW layers (taken to be the z-axis in this paper). 
In a different context, properly patterned metallic surfaces supporting highly 
confined plasmonic resonances have been proposed for a variety of exciting applications, 
including enhanced light-matter interaction at the subwavelength scale, polarization 
conversion, control of optical transmission and radiation, enhanced chirality, asymmetric 
transmission and filtering [62]. In order to overcome the current limitations of MQW 
systems, and further enhance the intersubband nonlinear response, we propose to 
combine the MQW layered substrates with suitably designed plasmonic metasurfaces. In 
the following we theoretically and experimentally demonstrate that, by combining 
quantum-electronic engineering of intersubband nonlinearities with electromagnetic 
engineering of plasmonic nanoresonators, we unveil ultrathin, planarized, highly 
nonlinear optical metasurfaces. This approach allows us to create large-area metasurfaces 
in which virtually any element of the nonlinear susceptibility tensor may be ad-hoc 
engineered to have a giant nonlinear response. The impact of these ultrathin devices may 
be groundbreaking in a variety of fields, including THz generation and detection, phase 
conjugation, and other nonlinear processes. 
5.2 PROOF-OF-CONCEPT DEMONSTRATION 
5.2.1 MQW Design and Optical Properties 
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Figure 5.1 (a) shows the band diagram of a In0.53Ga0.47As/Al0.52In0.48As coupled 
quantum well structure, repeated multiple times to produce the 400-nm-thick MQW layer 
used in our experiments. This structure is designed using a self-consistent Poisson- 
 
 
Figure 5.1: Multi-quantum well structure and optical parameters. (a) Conduction band 
diagram of one period of an In0.53Ga0.47As/Al0.52In0.48As coupled quantum 
well structure designed for giant nonlinear response for SHG. The layer 
sequence (in nm) is 6.0/5.3/1/2.3/6.0, where AlInAs barriers are shown in 
bold, and the first 3nm of the first 6nm barrier and the last 3nm of the last 
6nm barrier are n-doped to 5×1017cm-3. (b) Intersubband absorption 
spectrum of the wafer used in experiment after background correction. Inset: 
measurement geometry. (c) Real and imaginary part of dielectric constant 
for out-of-plane (). (d) Intersubband nonlinear susceptibility of the 
structure in (a) as a function of pump frequency for SHG.  
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Schrodinger solver to support a giant resonant nonlinear response for SHG at 1/1240 
cm-1 (8 μm). The layer sequence (in nanometers) is 6.0/5.3/1/2.3/6.0 where AlInAs 
barriers are shown in bold, and the first 3 nm of the first 6-nm-barrier and the last 3 nm of 
the last 6-nm-barrier are n-doped to 5×1017 cm-3. Figure 5.1 (b) shows the experimentally-
measured intersubband absorption spectrum after background correction. The spectrum is 
obtained in a multipass geometry using the original InP wafer with the MQW layer on 
top. The wafer was polished to have facets at 45 degrees to surface normal and its top and 
bottom surfaces were gold-coated, as shown in the inset of Fig. 5.1 (b). This 
measurement approach follows a standard procedure as described, e.g., in Ref. [20]. 
Assuming unpolarized sample illumination from the Fourier Transform Infrared 
Spectrometer (FTIR) thermal source and neglecting standing wave effects, the 
intersubband absorption coefficient W is given as [20]: 
 
,    (5.1) 
where Lint is the interaction length defined as20  
 
,     (5.2) 
where  the angle of incidence with respect to the normal to the plane of the layers (45° 
in our case), LQW is the thickness of each coupled quantum well section (LQW=20.6 nm in 
our case), N is the total number of sections in the MQW sample (N=28 in our case), and 
np is the number of passes through the MQW layer. Given our sample geometry (5 mm in 
length and 0.33 mm in thickness), we estimate np=14. From Fig. 5.1 (b), we obtain 
transition and  in excellent agreement with 
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calculated values of 153 meV and 306 meV, respectively, as shown in Fig. 1a. The 
measured transition linewidths are ,  and the peak 
absorption =615 cm-1 and 171 cm-1 for 2-1 transition and 3-1 transition, respectively. 
Given close agreement between calculated and measured transition energies and typically 
high accuracy of bandstructure calculations, we assume the transition dipole moments for 
intersubband transitions between states 1,2, and 3 in our structure are the same as 
simulated in Fig. 5.1 (a). The values of intersubband absorption W then allows us to 
estimate the actual doping level Ne in our structure, which may be different from the 
nominal doping used during growth. To that end, we express  through the dielectric 
constant for out-of-plane () E-field polarization as [20] 
 
,      (5.3) 
where 
 
,   (5.4) 
 
Plugging the experimental values of and , and calculated transition dipole 
moments zij into the expressions above we obtain 620 cm-1 at 2-1 resonance and 
180 cm-1 for 3-1 using Ne=0.751017 cm-3, in close agreement with measurements. It 
is the value that is used for (2) calculations. We note that the experimental value of Ne is 
a factor of 2 smaller than the nominal doping density. Dielectric constant for out-of-plane 
electric field is calculated and plotted in Fig. 5.1 (c). 
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The expression for the intersubband nonlinear susceptibility tensor element for 
SHG at pump frequencies close to intersubband resonances may be approximately 
written as [19]: 
 
 ,   (5.6) 
 
where  is the pump frequency, e is the electron charge, Ne is the average bulk doping 
density, , , and ezij are the energy, linewidth, and dipole moment, respectively, 
for a transition between states i and j.  The values of  in Fig. 5.1 (d) are calculated 
using the expression above, assuming calculated transition dipole moments ezij and 
experimentally-measured values of , , , 
 and Ne0.751017 cm-3 obtained from intersubband absorption 
measurements as described above. 
The dielectric constant in the MQW layer for the out-of-plane () E-field 
polarization is given in Eq. (5.4), the dielectric constant for the in-plane (//) E-field 
polarization is calculated as 
 
                 
,    (5.7) 
where core() is the dielectric constant of the MQW with Ne=0 and electrons motion in 
plane of semiconductor layers is assumed to be free with the Drude relaxation time 
D10-13 s, which is a typical value for the InGaAs/AlInAs material with low doping 
density.  
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Figure 5.1 (d) plots the absolute value of the SHG nonlinear susceptibility tensor 
element  as a function of pump frequency calculated for this structure as described in 
Methods. The nonlinear response peaks at approximately 54 nm/V, nearly 3 orders of 
magnitude larger than the largest (2) coefficient of natural optical materials [19]. 
 
5.2.2 Metasurface Design and Simulations 
The MQW layer is then sandwiched between a metal ground plane and a 
patterned array of metallic nanostructures, as shown in Fig. 5.2 (a)-(c). This grounded 
metasurface can be designed to enable efficient coupling of plasmonic modes with z-
polarized intersubband transitions, drastically enhancing light-matter interaction and 
converting the impinging transverse field polarization to the desired z-direction [83]. 
Even though a ground plane is used in our metasurface design, efficient coupling of 
intersubband transitions with resonant metallic nanostructures may also be achieved 
without using a ground plane, as shown recently [114], which may allow easily 
translating the results presented here in transmission mode.   
Since our goal is to enhance SHG, the plasmonic nanostructures are designed to 
induce and enhance the local electric field at both fundamental frequency (FF)  and 
second-harmonic frequency (SH) 2. The plasmonic nanostructures must also lack 
inversion symmetry in x-y plane, otherwise all nonlinear susceptibility tensor elements 
 with i,j, and k being x or y would vanish by symmetry. 
Our starting design strategy consists in an array of L-shaped nanostructures, 
whose two arms have been shown in recent papers to support two independently tunable 
plasmonic resonances that can be used for polarization control [115,116]. After several 
rounds of optimization, we converged to the nanostructure shown in Fig. 5.2 (c), 
consisting of an asymmetric nanocross with the two orthogonal arms connected in such a 
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way to ensure good modal overlap between the resonances at  and 2, yet a strong 
asymmetry to support large . The dimensions of the nanocross optimized for SHG at 
1/=1240 cm-1 are shown in Fig. 5.2 (c) and the results of our full-wave electromagnetic 
simulations are shown in Fig. 5.3. In particular, Figures 5.3 (a)-(h) show the normalized 
Ez field component induced in the MQW layer for different FF and SH input light 
polarizations at normal incidence. The computed fields are normalized to the input 
(transverse) field amplitude impinging at normal incidence. Significant Ez field is 
induced in the MQW at both  and 2, up to five times the amplitude of the transverse 
impinging field.  
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Figure 5.2: Nonlinear metasurface structure. (a) Schematic of the metasurface design 
and operation. Red and green arrows indicate the incident pump beam at 
fundamental frequency ω and the reflected second harmonic beam at 
frequency 2ω, respectively. (b) A 1,000nm × 1,300nm metasurface unit cell 
and (c) dimensions of the nanocross are given in nm [117].  
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Figure 5.3: Simulations and predicted performance of the optimized metasurface 
geometry. (a)-(d), Top view cross-section of the calculated Ez field 
enhancement monitored in the MQW layer 100 nm below the gold 
plasmonic resonators at FF (a, b) and SH frequency (c, d). (e)-(h), Side view 
cross-section of the calculated Ez field enhancement monitored along the 
dashed lines shown in panels (a)-(d) at  (e, f) and 2 (g, h) for different 
incident light polarizations. The data is shown for incident light polarized 
along x-axis and y-axis of the structure. (i), Computed absorption spectrum 
of the proposed metasurface different input light polarization. (j), SHG 
power versus FF power for different input/output polarization combinations 
at FF wavenumber 1/=1240 cm-1. FF focal spot is assumed to be of a 
Gaussian shape with a diameter of 2w=35 m [117].  
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The effective nonlinear susceptibility tensor of the metasurface may be related to 
these field distributions using Lorentz reciprocity theorem [118], yielding the expression 
for the general ijk tensor element  
 
             
         (5.8) 
 
where  is the local Ez field component in the MQW layer induced by i-polarized 
incident wave at frequency 2, i can be x, y, or z, and the integration covers the 
volume (V) of the MQW layer in the unit cell. 
The nonlinear response of the proposed metasurface, summarized by equation 
(5.8), may be evaluated using the Lorentz reciprocity theorem, under the assumption that 
saturation effects can be neglected. Essentially, we relate the linear optical response of 
the metasurface at the fundamental (pump) and second harmonic frequencies to its 
nonlinear interaction: the Lorentz reciprocity theorem states that if the current density  
at point produces an electric field  at point , then by switching the position of 
source and observation, their product remains constant, i.e.,  
 
    (5.9)
 
 
In our case, the electric field  induced at the fundamental frequency 
in the MQW layer produces an equivalent current density distribution at the SH 
frequency given by 
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We can now apply reciprocity considerations at the SH frequency to relate the 
field distribution , induced in the metasurface volume by a plane wave 
impinging at normal incidence, to the radiated field  sustained by the currents 
. The formula yields: 
 
 ,          (5.11) 
 
where  is the current density necessary to sustain the impinging plane wave inducing 
 placed in the volume , and  is the volume of the MQW substrate. 
After simple algebraic manipulations, one can relate the radiated fields to the field 
distributions in the MQW layer at FF and SH frequencies: 
 
  (5.12) 
 
where  is the surface area of the unit cell of the periodic metasurface and  is 
the volume of the MQW within the same unit cell. Generalizing this formalism to the 
arbitrary polarization of impinging and radiated fields, we obtain Eq. (5.8) in the main 
text for each element of the effective nonlinear tensor . The SHG conversion 
efficiency is then calculated from the ratio of the radiated second-harmonic power over 
the impinging power: 
  (5.13) 
In the special case in which we can assume that the field distributions are constant 
inside the MQW layer at both FF and SH frequencies, the SHG efficiency simply 
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becomes , where  is the impedance of free space, 
 the field enhancement factor at the FF,  is the field enhancement at the SH,  
is the input intensity and  is the height of the MQW layer, as expected. 
From Eq. (5.13) we can obtain the expression for SHG intensity output I2 from 
the metasurface 
,          (5.14) 
where ( ) and I2 (I) are the polarization unit vector and intensity, respectively, of 
the SH (FF) beams, L is the MQW thickness and  is given by Eq. (5.8) which 
includes local field enhancement at both  and 2. We note that this expression is 
consistent with the conventional formula to express the SHG in regular nonlinear 
crystals, assuming that the thickness L is much smaller than the coherence length [19]. 
Equation (5.8) is a quintessence of the proposed nonlinear metasurface concept: it 
shows that we can engineer essentially any component of the nonlinear susceptibility 
tensor of the metasurface and further increase the already giant nonlinear response from 
intersubband transitions using local field enhancement at  and 2. It also confirms the 
necessity of inducing a strong modal overlap between the fundamental and SH modes in 
the nanostructures, for which our metasurface is optimized. This result may be readily 
generalized to other nonlinear processes of interest. Using Eq. (5.8) and simulated field 
distributions for the nanocross structure in Fig. 5.4, we obtain that the largest nonlinear 
susceptibility coefficient for normal light incidence at the input wavenumber 1240 cm-1 is 
= 31 nm/V followed by = 25 nm/V, = 6.5 nm/V, and = 3.9 
nm/V.  
Figure 5.3 (i) shows computed linear absorption spectrum of the metasurface. The 
calculated SHG conversion efficiency and SHG power vs. fundamental pump power for 
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different input/output polarization combinations is shown in Fig. 5.3 (j). Results are given 
for yyy, xxx, xyy, and yxx polarization combinations, where the first index refers to the 
polarization of the SH beam, while the last two indices refer to the polarization of the FF 
beam. 
 
5.2.3 Device Fabrication and Measurement Setup 
For proof-of-concept demonstration, a 400-nm-thick MQW layer was transferred 
onto a metal ground plane and a 400 μm by 400 μm two-dimensional array of 
nanocrosses was fabricated on top of the MQW layer to produce the structure shown in 
Fig. 5.2 (a). A 577 nm-thick MQW layer composed of 28 repetitions of the structure in 
Fig. 5.1 (a) was grown by the molecular beam epitaxy on a semi-insulating InP substrate. 
The layer was then transferred to another gold-coated semi-insulating InP substrate via 
thermo-compression bonding and thinned down to approximately 400 nm thickness by 
chemical etching. A 400μm by 400μm two-dimensional array of plasmonic 
nanoresonators was patterned onto the top of the MQW layer via e-beam lithography, 
metal evaporation, and lift-off. To accommodate the uncertainty in material parameters 
and fabrication errors, we fabricated several arrays with nanocross dimensions slightly 
varying around the optimal theoretical parameters shown in Fig. 5.2 (c). The description 
below focuses on the measured array with highest SHG generation efficiency at 1240 cm-
1, but we stress that the measured nonlinear response is quite robust to small changes in 
the design parameters, as several of our realized metasurface samples showed a similarly 
large nonlinear response. Yet, we verified that metasurfaces with plasmonic resonances 
significantly detuned from the intersubband transition frequencies of the MQW structure 
produced, as expected, little or no nonlinear response. Over the course of our 
experimental work, we have fabricated a number of metasurfaces in which plasmonic 
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resonances happened to occur away from the intersubband peak, and those structures 
produced little or no detectable SHG response. An example of such a metasurface is 
shown in Fig. 5.7. These measurements confirm that the giant nonlinear effects observed 
in our optimized structures stem from the unique combination of quantum engineering of 
the nonlinear response coming from the MQW intersubband transition and the 
electromagnetic resonance engineering of the coupled metasurface. This confirms the 
unique property of the proposed metasurface, combining quantum and electromagnetic 
engineering of its nonlinear response. 
Figure 5.4 shows a scanning electron microscope (SEM) image of the nanocross 
array (Fig. 5.4 (a)) and a side view of the cleaved facet with MQW layer metal-bonded to 
InP substrate (Fig. 5.4 (b)). The absorption reflection spectra of the metasurface for x- 
and y-polarized input light at normal incidence are shown in Fig. 5.4 (c). The 
experimental peaks shapes and positions are in good agreement with the simulated 
spectrum in Fig. 5.3 (i). 
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Figure 5.4: Fabricated metasurface structure and absorption spectrum. (a, b) Scanning 
electron microscope images of the fabricated metasurface top (a) and side 
(b) view. (c) Absorption reflection spectrum of the fabricated metasurface 
for normally-incident light polarized along x-axis and y-axis of nanocrosses 
as shown in (a) [117].  
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Figure 5.5: (a) Schematic of optical setup for metasurface characterization. (b) Photo-
image of optical setup. Linearly-polarized light from a tunable QCL passes 
through achromatic half-wave plate (HWP) for polarization control, a long 
pass filter (LP) to remove SHG light coming from the laser, a non-polarizing 
achromatic 50/50 beam splitter, and a numerical aperture 0.5 collimating 
lens to the sample. SHG output is collected by the same lens and is directed 
by the beam splitter towards the detector through a polarizer, a ZnSe lens, 
and a short pass filter (SP) that is used to block FF.  
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SHG measurements of the metasurface were performed using the setup shown in 
Fig. 5.5 and described in the caption. Nonlinear properties of the metasurface were 
probed by a pulsed broadly-tunable QCL (Daylight Solutions, Inc.; tuning range 1120-
1450cm-1 and the peak power output of 800 mW). The laser was operated with 400 ns 
long pulses at 250 kHz repetition frequency. We assume Gaussian beam shape on the 
metasurface with intensity distribution for FF given as and that for SH 
frequency as . The FF focal spot diameter was measured by the knife-edge 
technique to be 2w=35 m. A calibrated InSb detector was used to measure SHG power 
output and perform spectroscopic measurements at SHG frequencies. SHG power output 
was corrected for the beam splitter reflectivity (47.5%) and transmission of the 
collimating lens (95%), the polarizer (82%), the ZnSe lens (97%), and the shortpass filter 
(83.5%) in the setup. A calibrated thermopile detector was used to determine the power 
of the fundamental beam at the sample position. The values of  tensor elements 
were deduced using the I2 expression, based on the experimentally-measured values of 
I2 and I . 
 
5.2.4 Experimental Results 
SHG peak power as a function of the squared FF peak power and peak intensity is 
plotted in Fig. 5.6 (a) for different input/output polarization combinations. The highest 
SHG generation efficiency is achieved for yyy polarization combination, followed by xxx, 
yxx, and xyy polarization combinations, in agreement with the theoretical predictions 
shown in Fig. 5.3 (j).  
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Figure 5.6: Nonlinear response from the metasurface. (a), SH peak power output as a 
function of FF peak power squared (bottom axis) or peak intensity squared 
(top axis) at FF wavenumber of 1240cm-1 for different input/output 
polarization combinations. (b), SH peak power (right axis) and peak 
intensity (left axis) as a function of FF wavenumber for yyy polarization 
combination. FF peak power was fixed at 30 mW for the measurements. (c), 
SHG power conversion efficiency as a function of FF peak power (bottom 
axis) or peak intensity (top axis) at FF wavenumber of 1240 cm-1 for yyy 
polarization combination. (d), Spectra of SH output for different pump 
wavenumbers. Inset: no SH emission is observable for bare MQW surface 
with no nanostructures on it. Measurements in a-d are performed at normal 
FF incidence/normal SH reflection [117].  
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Figure 5.7: Structures with plasmonic resonances detuned from intersubband transition 
frequencies. (a), Linear absorption spectrum of a metasurface in which 
plasmonic resonances were not well-overlapped spectrally with 
intersubband transitions of the MQW structure for fundamental and SH 
frequencies. (b), SEM image of the metasurface. (c), SH peak power output 
as a function of FF peak power squared (bottom axis) or peak intensity 
squared (top axis) for different input/output polarization combinations at FF 
wavenumber of 1310 cm-1 and SH wavenumber of 2620 cm-1 both in 
resonance with the plasmonic absorption peaks. SH response was close to 
the noise limit of our setup. (d), SH peak power output as a function of FF 
peak power squared (bottom axis) or peak intensity squared (top axis) for 
different input/output polarization combinations at FF wavenumber of 1240 
cm-1 and SHG wavenumber of 2480 cm-1, both away from plasmonic 
resonances of the metasurface but in resonance with intersubband transitions 
in the MQW structure [117]. 
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From Eq. (5.8) one expects to observe a linear dependence of SH power on the square of 
FF power in Fig. 5.6 (a). However, as indicated in the figure, the slope of the curve 
changes, e.g., for yyy polarization combination, from 57 W/W2 for low FF powers to 23 
W/W2 for higher FF powers. We attribute this effect to intensity saturation of 
intersubband transitions[119] in our MQW structures. Saturation intensity for our MQW 
structure can be estimated with the expression from Ref. [119]  
 
,     (5.15) 
                       ,                      (5.16) 
 
where n3.2 is the refractive index of MQW,  is the state 2 lifetime computed to be 1.7 
ps and g() is the normalized Lorentzian lineshape function. Substituting measured 
and computed z12=1.7 nm into Eq. (5.15) we obtain Isat=0.47 MW/cm
2 
for resonant excitation of 1-2 transition. 
To confirm that the observed saturation of SHG conversion efficiency is not due 
to thermal effects, SHG measurements were repeated using 60 ns light pulses. Fig. 5.8 (a) 
compares the results of these measurements with that obtained using 400 ns current 
pulses as reported in the paper and shows that results are in nearly-perfect agreement, 
which excludes thermal effects in observed SHG response.  
If we detune the pump frequency, moving away from the design frequency at 
which intersubband absorption and plasmonic metasurface resonance take place, and 
therefore reducing the field intensity in the multi-quantum well substrate, the saturation is 
significantly reduced, as shown in Fig. 5.8 (b). 
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Figure 5.8: Nonlinear response saturation mechanism. (a), SH peak power output as a 
function of FF peak power squared (bottom axis) or peak intensity squared 
(top axis) at FF wavenumber of 1240cm-1. Black curve is the data for pump 
laser operating with 400 ns pulses (same as used in the manuscript), red 
curve is the data for the pump laser operating with 60 ns pulses. Slight 
difference in the SHG power for 60 ns and 400 ns FF input is attributed to 
slight changes in the pulse shape and detector response for 400 ns and 60 ns 
pulses. (b), SH conversion efficiency vs FF peak power (bottom axis) or 
peak intensity (top axis) for FF wavenumber of 1240cm-1 (red) and 1280cm-
1 (blue) [117].  
 
Calculations above indicate that saturation intensity[119] for state 1 to state 2 
transition in our structures is approximately 0.47 MW/cm2 and simulation results in Fig. 
5.3 indeed indicate local intensities approaching saturation intensity in the hot spots of 
the MQW structure for input pump intensities above 10 kW/cm2. We note that our proof-
of-concept metasurface design is far from perfect, as one ideally wants to create a more 
uniform local field enhancement within the MQW structure at both FF and SH 
frequencies with maximal modal overlap integrals, consistent with Eq. (5.8). This implies 
that even larger nonlinear response may be found with better optimized nanoresonator 
designs, exploiting the field localization properties of plasmonic structures. Still, the 
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measured results presented here unveil an enormous potential for the proposed 
metasurface, achieved by combining plasmonic resonances and intersubband transitions. 
To better understand the potential improvement associated with nanoresonator 
optimization one may consider an ideal metasurface in which the nanoresonators are able 
to induce a uniform Ez field enhanced 3 times compared to the impinging field across the 
entire MQW layer at both SH and FF. In this case, Eq. (5.8) predicts , 
approximately 50 times larger than the largest coefficients computed for the 
nanocross design used in this work. Since the SHG power scales with , such a 
metasurface would produce over three orders of magnitude improvement in SHG 
conversion efficiency compared to our current experiment. Furthermore, since the field 
enhancement is limited to a factor of 3, no significant intensity saturation is expected for 
the pump intensities used in our experiment. Improvements may also be achieved by 
exploring the quantum-engineering design space of our structures. The simple doubly-
resonant quantum well heterostructure used here for this initial proof-of-concept 
demonstration is by no means the most optimal design, and more sophisticated designs 
may be devised to achieve both higher nonlinearity and much larger saturation intensity, 
similar to those described in Refs. [24,113].  
Our MQW structure and plasmonic nanocrosses were designed to provide 
maximum SHG efficiency at pump wavenumber 1/1240 cm-1. This is experimentally 
confirmed in Fig. 5.6 (b) where we record SHG power output as a function of pump 
frequency while keeping the pump power constant. The yyy SHG power conversion 
efficiency for FF wavenumber of 1240 cm-1 is shown in Fig. 5.6 (c). We achieve almost 
210-6 power conversion efficiency using pump intensity of only 15 kW/cm2. In 
comparison, previously demonstrated nonlinear optical metasurfaces at infrared or visible 
frequencies required high-peak-power fs lasers providing over 108 W/cm2 FF intensity to 
(2) (2)27eff zzz 
(2)eff
2
(2)eff
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produce 10-10-10-11 SHG power conversion efficiency [100-103]. Assuming identical 
pumping intensity, our metasurfaces achieves over 8 orders of magnitude enhancement in 
conversion efficiency over the current state-of-the-art. 
Experimental values of are obtained using the intensity data for SH and FF 
beams in Fig. 5.6. We obtain  55 nm/V (35 nm/V) and  36 nm/V (24 
nm/V) for low FF intensity (high FF intensity) in Fig. 5.6 (a). The other two coefficients 
have no significant dependence on pump intensity in the experiment:  16 nm/V 
and = 10 nm/V. All these quantities are in good agreement with our theoretical 
predictions, given uncertainties in material parameters and . Finally, Fig. 5.6 (d) 
shows SHG emission spectra from the metasurface for different FF. The MQW structure 
without patterned nanostructures does not produce any significant nonlinear response for 
normal incidence, as shown in the figure inset.  
The nonlinear metasurface described above can also operate as SHG mirror at 
oblique incidence angles. This is because enhanced wave-matter interaction arises at the 
short scale, supported by the inclusion resonances, rather than based on a collective 
effect. Fig. 5.9 (a) and (b) show details of SHG power output measurements at 45-degree 
angle of incidence pumping. Nonlinear response that was comparable to that reported for 
normal incidence in Fig. 5.6 (a) was observed for SSS, PPP, SPP, and PSS polarization 
combinations, as shown in Fig. 5.9 (b). In our notation, the first of three letters in the 
polarization combination refers to the polarization of SHG wave and the last two letters 
refer to the polarization of the input fundamental frequency with E-field directions for S 
and P polarizations shown in Fig. 5.9 (a).  
For a control experiment, we used a bare MQW structure without plasmonic 
nanostructures, which produced no detectable SHG response in this configuration for all 
polarization combinations. We note that in principle one expects to have some nonlinear  
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Figure 5.9: SHG measurement at oblique incidence. (a), Optical setup for metasurface 
characterization at 45-degree incidence angle. LP and SP are long and short-
pulse filters, respectively. HWP is a half-wave plate for QCL polarization 
control. Directions of S and P-polarizations and orientation of the 
metasurface are indicated. Inset: SEM image of the metasurface with x- and 
y-axes shown. (b), Measured SH peak power output as a function of FF peak 
power squared (bottom axis) or peak intensity squared (top axis) at FF 
wavenumber of 1240 cm-1 for different input/output polarization 
combinations. (c), Simulated absorption spectrum of the metasurface at 45-
degree incidence for different input light polarizations [117]. 
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response for PPP polarization combination from bare MQW structures in this 
experimental configuration due to the presence of intersubband . However, due to 
the insufficient thickness of the sample and small value of Ez field inside the MQW 
material this ‘intrinsic’ intersubband response was below our detection limit. 
Figure 5.9 (c) shows the simulated absorption of our metasurface at 45-degree 
incidence for S and P light polarizations. We note that the absorption peak positions are 
not significantly affected by the change in excitation, due to the local response of the 
metasurface inclusions. This is ideal to use the nonlinear mirror in reflection mode 
without constraints on the incidence and observation angle. 
Our proof-of-concept experiment may be extended to create voltage-tunable [20] 
and active electrically pumped nonlinear metasurfaces [94-96], and to spectrally and 
spatially engineer the nonlinear optical response in more arbitrary ways, to name a few 
possibilities. The metasurfaces with giant nonlinear optical response presented here may 
serve as the foundation for a flat nonlinear optics paradigm, in which efficient frequency 
mixing may occur over deeply sub-wavelength films with significantly relaxed phase-
matching conditions, compared to bulk nonlinear crystals, that only require matching of 
wave vector components parallel to the surface. Such ultrathin nonlinear materials may 
dramatically simplify wave mixing experiments in a variety of setups, finding 
applications for frequency up- and down-conversion, mixing, phase conjugation, all-
optical control and tunability, as well as photon pair generation over a surface for 
quantum information processing. 
 
 
 
)2(
zzz
 84 
5.3 SECOND METASURFACE DESIGN AND EXPERIMENT 
5.3.1 MQW Design and Optical Properties 
The first MQW design for SHG is based on doubly-resonant electron subbands in 
which the transition energy between electron subband 1 to 3 is twice for that between 
electron subbband 1 to 2 and 2 to 3 (see Fig. 5.1 (a)). In this configuration, the absorption 
loss from intersubband transitions is maximized at which the nonlinear susceptibility is 
maximized. Since the nonlinear susceptibility is determined by both intersubband 
transitions between electron subband 1 to 2 and 2 to 3 and also average doping density as 
given in Eq. (5.6), one may be able to design the MQW having higher nonlinear 
susceptibility and lower absorption loss at a designed wavelength. Our second approach 
in MQW design is using higher average doping and off-resonant intersubband transitions 
to make the nonlinear susceptibility larger and the absorption loss lower at a same time. 
Also in this design, saturation intensity of the intersubband transitions becomes higher 
than the first MQW design.  
Figure 5.10 (a) shows the band diagram of a In0.53Ga0.47As/Al0.52In0.48As coupled 
quantum well structure, repeated multiple times to produce the 400-nm-thick MQW layer 
used in our experiments. Figure 5.10 (b) shows the experimentally-measured 
intersubband absorption spectrum after background correction. The spectrum is obtained 
in a multipass geometry using the original InP wafer with the MQW layer on top as 
described above. The wafer was polished to have facets at 45 degrees to surface normal 
and its top and bottom surfaces were gold-coated. The two resonant peaks are well 
matched with designed intersubband transitions shown in Fig. 5.2 (a). From Fig. 5.2 (b), 
we obtain transition  and  in excellent agreement with 
calculated values of 154 meV and 254 meV, respectively, as shown in Fig. 5.2 (a). The 
measured transition linewidths are ,  and the peak  
21 154meV  31 252meV 
212 22meV  312 25meV 
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Figure 5.10: 2nd design of multi-quantum well structure and optical parameters. (a) 
Conduction band diagram of one period of an In0.53Ga0.47As/Al0.52In0.48As 
coupled quantum well structure designed for giant nonlinear response for 
SHG. The layer sequence (in nm) is 6.0/6.1/1.5/2.3/6.0, where AlInAs 
barriers are shown in bold, and the first 5nm of the first 6nm barrier and the 
last 5nm of the last 6nm barrier are n-doped to 1.5×1018cm-3. (b) 
Intersubband absorption spectrum of the 2nd design MQW wafer used in 
experiment after background correction. (c) Real and imaginary part of 
dielectric constant for out-of-plane () electric field. (d) Intersubband 
nonlinear susceptibility of the structure in (a) as a function of pump 
frequency for SHG.  
 
 
 
 86 
absorption =5369 cm-1 and 2007 cm-1 for 2-1 transition and 3-1 transition, 
respectively. The values of intersubband absorption W then allow us to estimate the 
actual doping level as Ne1.151018 cm-3. By using these parameters and Eq. (5.4), the 
dielectric constant for out-of-plane electric field is calculated and plotted in Fig. 5.10 (c). 
Figure 5.10 (d) plots the absolute value of the SHG nonlinear susceptibility tensor 
element  as a function of pump frequency calculated for this structure. The nonlinear 
response peaks at approximately 80 nm/V, nearly 2 times larger than that of the first 
MQW structure. Saturation intensity for the 2nd MQW structure can be estimated with the 
Eq. (5.15) and (5.16). Substituting the measured and computed z12=1.6 
nm into Eq. (5.15) we obtain Isat=1.25 MW/cm
2 for resonant excitation of 1-2 transition. 
This saturation intensity is nearly 3 times larger than that of the first MQW design and 
the effect of output intensity saturation may be more relaxed than the first MQW 
structure.  
 
5.3.2 Metasurface Design and Simulations 
Nanocross array 
The second design of MQW layer is then sandwiched between a metal ground 
plane and a patterned array of metallic nanocrosses, as shown in Fig. 5.11 (a). The new 
structure is similar to the structure of the first proof-of-concept demonstration 
metasurface. Figure 5.11 (b)-(e) show the normalized Ez field component induced in the 
MQW layer for different FF and SH input light polarized along x-axis at normal 
incidence. The computed fields are normalized to the input field amplitude impinging at 
normal incidence. Significant Ez field is induced in the MQW at both ω and 2ω, up to 3.4 
times the amplitude of the transverse impinging field. For now, the FF wavelength of the 
input beam is 9.7μm and SH wavelength of the output beam is 4.85μm. The nanocross  
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Figure 5.11: Simulations of metasurfaces with nanocross array. (a), Metasurface unit cell 
structure used for the simulation. (b, c), Top view cross-section of the 
calculated Ez field enhancement monitored in the MQW layer 100nm below 
the gold plasmonic resonantors at FF (b) and SH (c) for x-polarized 
impinging field. (d, e), Side view cross-section of the calculated Ez field 
enhancement monitored along the dashed lines shown in (b) and (c).  
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dimensions are adjusted to have absorption peaks for the new input (FF) and output (SH) 
wavelengths. Since the structure is similar to the proof-of-principle device, improvement 
of the SH output signal mostly comes from the higher nonlinear susceptibility. Using Eq. 
(5.8), the effective second-order nonlinear susceptibility out of 80nm/V of nonlinear 
susceptibility of the MQW layer was calculated to be 45nm/V. From the effective 
nonlinear susceptibility calculation, we can expect the SH output signal will be about 2 
times higher than that from the proof-of-concept metasurface. 
 
T-shape nanoresonator array 
The asymmetric nanocross array can re-radiate x- and y-polarized SH output 
singal out of x- or y-polarized input impinging fields. As a result, the metasurface has 
several components of the effective second-order nonlinear susceptibility tensor 
elements. One advantage of this property is that one can design virtually any element of 
nonlinear susceptibility tensor element. However, this asymmetric nanocross array is not 
suitable for demonstrating the maximum capacity out of such a structure. In this regards, 
we designed a different shape of nanoresonator. Our second nanoresonator design 
strategy consists of an array of ‘T’-shaped nano-structures, as shown in Fig. 5-12 (a). The 
long arm along the x-axis supports strong plasmonic resonance for the input impinging 
field polarized along the x-axis at FF and the short arm along the y-axis supports strong 
plasmonic resonance for the input impinging field polarized along the y-axis at SH. As a 
result, the ‘T’-shaped nanoresonator array will absorb input impinging field polarized 
along the x-axis at FF and will radiate SH output signal polarized along the y-axis. Figure 
5.12 (b)-(e) show the normalized Ez field component induced in the MQW layer for 
different FF and SH input light polarized along x- and y-axis at normal incidence, 
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respectively. The computed fields are normalized to the input field amplitude impinging 
at normal  
 
 
 
Figure 5.12: Simulations of metasurfaces with ‘T’-shape nanoresonator array. (a), 
Metasurface unit cell structure used for the simulation. (b, c), Top view 
cross-section of the calculated Ez field enhancement monitored in the MQW 
layer 100nm below the gold plasmonic resonantors at FF for x-polarized 
impinging field (b) and SH for y-polarized impinging field (c). (d, e), Side 
view cross-section of the calculated Ez field enhancement monitored along 
the dashed lines shown in (b) and (c).  
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incidence. Significant Ez field is induced in the MQW at both ω and 2ω, up to 5 times the 
amplitude of the transverse impinging field. At the two edge portions of the long arm, 
good field overlap between the induced Ez field for FF and SH is obtained. In this 
structure, 160nm/V of the effective second-order nonlinear susceptibility is calculated for 
yxx polarization combination.      
 
Etched T-shape nanoresonator array 
The ‘T’-shape nanoresonator array shows better efficiency in SHG conversion efficiency 
and is a possible candidate for the next generation of metasurface design. However, the 
structure only shows slightly better efficiency than the asymmetric nanocross array. A 
higher field overlap between  and  is needed to build more efficient nonlinear 
metasurface. To get the higher field overlap, higher Ez field enhancement in the entire 
MQW layer and better field overlaps between fundamental and second-harmonic 
resonator modes are desired. Z-polarized plasmonic field profiles induced in the MQW 
layer spread in the x-y plane as away from the top gold nanoresonator and also field 
enhancement factor drops significantly. As a result, a calculation of the overall field 
overlap will yield a value of less than 2. The value of the overlap integral is increased 
significantly, however, when the portion of the MQW layer outside of the nanoresonator 
is etched away. Figure 5.13 (a) shows example structure using ‘T’-shape nanoresonator 
with etched MQW layer and Fig. 5.13 (b-e) show the normalized Ez field component 
induced in the etched MQW layer for different FF and SH input light polarizations at 
normal incidence. Significant Ez field is induced in the MQW at both ω and 2ω, up to 5 
times the amplitude of the transverse impinging field. Using Eq. (5.8), the effective 
second-order nonlinear susceptibility out of 80nm/V of the MQW nonlinear susceptibility 
was calculated to be 414nm/V. The giant value of the effective second  
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Figure 5.13: Simulations of metasurfaces with etched ‘T’-shape nanoresonator array. (a), 
Metasurface unit cell structure used for the simulation. (b, c), Top view 
cross-section of the calculated Ez field enhancement monitored in the MQW 
layer 100nm below the gold plasmonic resonantors at FF for x-polarized 
impinging field (b) and SH for y-polarized impinging field (c). (d, e), 3-
dimensional view cross-section of the calculated Ez field enhancement for 
FF and SH frequency.  
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order nonlinear susceptibility will give a 100 times higher SH output signal from the 
metasurface than that from the proof-of-concept metasurface. 
 
5.3.3 Device Fabrication and Measurement Setup 
For experimental demonstration of the simulated metasurfaces, a 400-nm-thick 
MQW layer was transferred onto a metal ground plane and a 350 μm by 350 μm two-
dimensional arrays of nanoresonators were fabricated on top of the MQW layer. A 400 
nm-thick MQW layer composed of 19 repetitions of the structure in Fig. 5.11 (a) was 
grown by the molecular beam epitaxy on a semi-insulating InP substrate. The layer was 
then transferred to another gold-coated semi-insulating InP substrate via thermo-
compression bonding and thinned down to approximately 400 nm thickness by chemical 
etching. A 350μm by 350μm two-dimensional array of plasmonic nanoresonators was 
patterned onto the top of the MQW layer via e-beam lithography, metal evaporation, and 
lift-off. For the etched ‘T’-shape nanoresonator array, additional 140nm-thick SiO2 layer 
as an etch mask layer was evaporated on the top gold layer and lifted-off. To etch the 
portion of the MQW layer without metal nanoresonator, inductively coupled plasma RIE 
(Oxford ICP RIE, Cl2 6sccm, CH4 4sccm, H2 7sccm, Set pressure 4mtorr, Strike pressure 
10mtorr, ramp rate 2, RF 75W, ICP 1000W for 4min 30sec) was used. Figure 5.14 shows 
a top view of SEM image of the asymmetric nanocross array (Fig. 5.14 (a)), ‘T’-shape 
nanoresonator array (Fig. 5.14 (b)), and etched ‘T’-shape nanoresonator array (Fig. 5.14 
(c)). Figure 5.14 (d) shows a 20degree tilted view of the etched ‘T’-shape nanoresonator 
array. SHG measurements of the metasurfaces were performed using the same setup 
shown in Fig. 5.5 except different broadly-tunable QCL (Daylight Solution, Inc.; tuning 
range 900-1190cm-1 and 1490-1900cm-1). The laser was operated with 400 ns long pulses 
at 250 kHz repetition frequency. 
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Figure 5.14: Fabricated metasurface structures. (a) Top view of SEM image of the 
fabricated metasurface with asymmetric nanocross, (b) with ‘T’-shape 
nanoresonator array, (c) etched ‘T’-shape nanoresonator array. (d) 20 degree 
tilted view of the etched ‘T’-shape nanoresonator array.  
 
5.3.4 Experimental Results 
The proof-of-concept experiment for SHG was successfully done by 
demonstrating that one can engineer virtually any elements of the effective second order 
nonlinear susceptibility tensor. 2×10-6 of SHG power conversion efficiency with only 
15kW/cm2 was obtained for yyy polarization combinations. Although the metasurface 
can be operated with low power input beam and the power conversion efficiency is 
several orders of magnitude higher than the current state-of-the-art technology, the 
conversion efficiency is still low and far from practical applications. The main strategy of 
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the second round of SHG metasurface experiment is to improve the SH conversion 
efficiency up to the comparable level of the SHG conversion efficiency based on 
waveguide geometries. To confirm the simulations and calculations expected from the 
section 5.3.3., SH powers and power conversion efficiencies for the metasurfaces with 
different nanoresonators array were measured.    
 
Nanocross array 
SHG peak power as a function of the squared FF peak power and peak intensity is 
plotted in Fig. 5.15 (a) for x-polarized input (λFF=9.66μm)/output (λSH=4.83μm) light. 
The highest SHG generation efficiency is achieved for xxx polarization combination, in 
agreement with the theoretical predictions (see section 5.3.2). As indicated in the figure, 
the slope of the curve changes from 238 W/W2 for low FF powers to 172 W/W2 for 
higher FF powers. From the experimental data, we obtain the effective nonlinear 
susceptibility  for low FF intensity (high FF intensity). 
Compared to the proof-of-concept measurement data, the intensity saturation effect is 
more relaxed due to the higher saturation intensity of the intersubband transition in the 
MQW layer. Figure 5.15 (b) shows SH power conversion efficiency data of the 
metasurfaces with the 1st design of MQW layer and the 2nd design of MQW layer. Nearly 
an order of magnitude improvement in SH power conversion efficiency was achieved. 
Since the two nanoresonators are similar in the shape and also in the overlap factor, the 
SH output improvement mostly comes from the MQW design optimization.  
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Figure 5.15: Nonlinear response from the metasurface with nanocross resonator array. (a) 
Measured SH peak power output (left axis) and intensity (right axis) output 
as a function of FF peak power squared (bottom axis) or peak intensity 
squared (top axis) at FF wavelength of 9.66μm for xxx polarization 
combinations. Straight lines and labels indicate slopes of SH peak power 
dependence on FF power squared. (b) SHG power conversion efficiencies as 
a function of FF peak power (bottom axis) and peak intensity (top axis) at 
FF wavelength of 9.66μm for xxx polarization combinations. The conversion 
efficiencies from the metasurface with 1st design MQW layer and nanocross 
array (black dots) and from the metasurface with 2nd design MQW layer and 
nanocross array (red dots) are shown.  
 
T-shape nanoresonator array 
Figure 5.16 (a) shows SHG peak power as a function of the squared FF peak 
power and peak intensity for x-polarized input (λFF=9.66μm) and y-polarized output 
(λSH=4.83μm) light. The highest SHG generation efficiency is achieved for yxx 
polarization combination, in agreement with the theoretical predictions (see section 
5.3.2). 1.4μW of SH peak power was achieved with 75mW of input pump. As shown in 
the figure, the slope of the curve changes from 374 W/W2 for low FF powers to 195 
W/W2 for higher FF powers. As seen from simulation, since higher field enhancement 
than that in the nanocross array is induced at the edge of the long arm, the slope of the 
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curve changes more significantly than the nanocross array. From the experimental data, 
we obtain the effective nonlinear susceptibility  for low 
FF intensity (high FF intensity). Figure 5.16 (b) shows SH power conversion efficiency 
data of the metasurfaces with the 1st design of MQW layer and the 2nd design of MQW 
layer. Over an order of magnitude improvement in SH power conversion efficiency was 
achieved.  
 
 
Figure 5.16: Nonlinear response from the metasurface with T-shape resonator array. (a) 
Measured SH peak power output (left axis) and intensity (right axis) output 
as a function of FF peak power squared (bottom axis) or peak intensity 
squared (top axis) at FF wavelength of 9.66μm for yxx polarization 
combinations. Straight lines and labels indicate slopes of SH peak power 
dependence on FF power squared. (b) SHG power conversion efficiencies as 
a function of FF peak power (bottom axis) and peak intensity (top axis) at 
FF wavelength of 9.66μm for xxx polarization combinations. The conversion 
efficiencies from the metasurface with 1st design MQW layer and nanocross 
array (black dots) and from the metasurface with 2nd design MQW layer and 
nanocross array (blue dots) are shown.  
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Linear optical characterization was done to measure the plasmonic resonance 
spectrum of the metasurface. The plasmonic absorption spectra of the metasurface for x- 
and y-polarized input light at normal incidence are shown in Fig. 5.17 (a). For x- and y-
polarized input light, a strong absorption peak near FF and SH was obtained respectively. 
Figure 5.17 (b) shows SHG peak power as a function of the squared FF peak power and 
peak intensity for x-polarized input (λFF=9.72μm) and y-polarized output (λSH=4.86μm) 
light. The highest SHG generation efficiency is achieved for yxx polarization 
combination, in agreement with the theoretical predictions (see section 5.3.2). 17μW of 
SH peak power was achieved with 75mW of input pump. As shown in the figure, the 
slope of the curve changes from 4.4mW/W2 for low FF powers to 2.7mW/W2 for high FF 
powers. From the experimental data, we obtain the effective nonlinear susceptibility 
 for low FF intensity (high FF intensity). These effective 
second order nonlinear susceptibilities are nearly 5 times larger than the nonlinear 
susceptibility of MQW layer. Figure 5.17 (b) shows all SH power conversion efficiency 
data of the metasurfaces with the 1st design of MQW layer and the 2nd design of MQW 
layer. The etched T-shape structure shows even higher conversion efficiency than 
previous T-shape nanoresonator or nanocross array. The conversion efficiency from the 
etched T-shape nanoresonator array was improved over 100 times than that of the proof-
of-concept demonstration. Although we achieved already 100 times of improvement in 
power conversion efficiency from the proof-of-concept experiment, the full potential of 
the proposed metasurface is not yet been revealed. By introducing different 
semiconductor heterostructures, one may be able to obtain much larger nonlinear 
susceptibility and if the quantum-engineered semiconductor layer is coupled to an 
optimized plasmonic nanoresonator array, over 1% of power conversion efficiency may 
be possible. 
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Figure 5.17: Nonlinear response from the metasurface with etched T-shape resonator 
array. (a) Absorption spectrum of the fabricated metasurface for normally 
incident light polarized along x- and y-axis. (b) Measured SH peak power 
output (left axis) and intensity (right axis) output as a function of FF peak 
power squared (bottom axis) or peak intensity squared (top axis) at FF 
wavelength of 9.66μm for yxx polarization combinations. Straight lines and 
labels indicate slopes of SH peak power dependence on FF power squared. 
(c) SHG power conversion efficiencies as a function of FF peak power 
(bottom axis) and peak intensity (top axis) at FF wavelength of 9.66μm for 
xxx polarization combinations. The conversion efficiencies from the 
metasurface with 1st design MQW layer and nanocross array (black dots) 
and from the metasurface with 2nd design MQW layer and nanocross array 
(red dots), T-shape nanoresonator array (blue dots), etched T-shape 
nanoresonator array (green dots) are shown.  
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5.4 CONCLUSION 
Our experiments may be extended to create voltage-tunable [20] and active 
electrically pumped nonlinear metasurfaces [94-96], and to spectrally and spatially 
engineer the nonlinear optical response in more arbitrary ways, to name a few 
possibilities. The metasurfaces with giant nonlinear optical response presented here may 
serve as the foundation for a flat nonlinear optics paradigm, in which efficient frequency 
mixing may occur over deeply sub-wavelength films with significantly relaxed phase-
matching conditions, compared to bulk nonlinear crystals that only require matching of 
wave vector components parallel to the surface. Such ultrathin nonlinear materials may 
dramatically simplify wave mixing experiments in a variety of setups, finding 
applications for frequency up- and down-conversion, mixing, phase conjugation, all-
optical control and tunability, as well as photon pair generation over a surface for 
quantum information processing.   
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Chapter 6 
Conclusion 
 
6.1 SUMMARY 
In this dissertation we discussed widely wavelength tunable and nonlinear 
plasmonic devices and metasurfaces. Widely wavelength tunable optical filters based on 
a planar plasmonic waveguide structure using unique properties of LR SPP have been 
successfully demonstrated as shown in Chapter 3. Index tunable layers for experimental 
demonstration were implemented by using a set of index-matching fluids and a thermo-
optic polymer. As an alternative approach to produce ultrafast widely-tunable spectral 
response, we discussed a novel implementation of plasmonic metamaterials hybridized 
with quantum-electronic engineering of intersubband transitions inducing a giant electro-
optic effect in Chapter 4. The hybridization of plasmonics with quantum-electronic 
engineering can be extended to produce nonlinear plasmonic response by designing the 
artificial semiconductor layer as a highly nonlinear medium. In Chapter 5, we discussed a 
highly nonlinear metasurfaces producing double-frequency reflection of an input beam by 
integrating electromagnetic engineering of plasmonic nanocircuits with quantum 
engineering of intersubband nonlinearities.  
For future works, the plasmonic nanostructures can be designed to control 
electromagnetic resonances at nearly any combination of infrared and THz frequencies. 
The MQW structure can be designed for another  or process of difference 
frequency generation (DFG) or optical phase conjugation (PC). This approach allows 
creating DFG metasurfaces generating difference frequency response of two distinct 
(2) (3)
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input pumps ( ) and PC metasurfaces generating optical phase conjugation 
for the optical reflected signal from the metasurface.  
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